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Introduction 

Children  with  neurofibromatosis  type  1  (NF1)  have  a  markedly  increased  risk  for  juvenile 
myelomonocytic  leukemia  (JMML).  JMML  has  a  poor  prognosis,  with  either  progression  to  acute 
myeloid  leukemia  or  death  from  bleeding  or  infection.  Using  a  mouse  model  of  NF1,  we  demonstrated 
that  the  lack  of  the  Nfl  gene  in  hematopoietic  cells  is  sufficient  to  cause  chronic  myeloid  leukemia,  but 
not  acute  myeloid  leukemia,  indicating  that  additional  genetic  events  are  responsible  for  the  progression 
from  chronic  to  acute  disease.  The  goal  of  this  proposal  is  to  identify  and  isolate  genes  involved  in  this 
leukemic  progression.  Toward  this  end,  we  are  using  a  mouse  model  system  which  takes  advantage  of 
mice  that  harbor  one  mutant  allele  of  the  Nfl  gene  but  require  further  mutation  for  transformation  to 
neoplasia.  The  general  strategy  is  to  breed  the  mutant  Nfl  allele  onto  a  strain  of  mouse  that  expresses 
murine  leukemia  virus  (MuLV)  and  exhibits  a  high  incidence  of  acute  myeloid  leukemia.  In  this 
system,  the  MuLV  acts  as  a  somatic  mutagen  to  activate  cooperating  cellular  proto-oncogenes  or 
inactivate  tumor  suppressor  genes,  resulting  in  accelerated  tumor  development.  Since  MuLVs  activate 
proto-oncogenes  by  integrating  nearby  or  inactivate  tumor  suppressor  genes  by  integrating  within  the 
gene,  the  affected  genes  can  thus  be  identified  and  cloned  using  these  somatically  acquired  viruses  as 
signposts.  The  most  promising  loci  are  the  ones  that  have  sustained  proviral  insertion  in  tumors  of 
multiple  mice.  The  identification  of  a  so-called  "common  site  of  viral  integration"  strongly  indicates 
that  the  region  harbors  a  gene,  that  when  mutated  by  the  virus,  is  directly  involved  in  the  development 
of  myeloid  leukemia.  To  date,  we  have  identified  three  common  sites  of  viral  integration  and  are  in  the 
process  of  identifying  and/or  characterizing  the  gene  affected  by  each  site. 
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Technical  Objective  1:  Identify  regions  of  the  genome  that  cooperate  with  loss  oiNfl  in  myeloid 
leukemia  to  cause  tumor  progression.  Our  objective  was  to  produce  a  panel  of  tumors  derived  from 
heterozygous  N3  generation  BXH-2  NflFcr/+  mice.  This  panel  was  then  to  be  used  to  identify  new 
common  sites  of  viral  integration.  This  objective  was  divided  into  six  tasks. 

Task  1:  Produce  Fi,  then  N2,  followed  by  N3  BXH-2  NflFcr/+  mice. 

Our  initial  strategy  was  to  complete  production  of  each  generation  before  going  onto  the  next.  However, 
in  practice,  this  strategy  did  not  work,  mainly  because  the  parental  BXH-2  strain  to  which  we 
backcrossed  had  small  litters.  Therefore,  we  staggered  the  breeding  to  keep  in  line  with  the  BXH-2 
production. 

Task  2:  Age  N3  generation  BXH-2  NflFcr/+  mice. 

At  the  time  of  the  1999  annual  report,  we  had  33  animals  in  aging  and  were  confident  that  the  project 
would  satisfy  our  goal  of  isolating  lymph  node  tumors  from  approximately  100  independent  animals  by 
the  end  of  the  budget  period.  However,  in  February  2000,  all  of  the  33  mice  in  aging  died  due  to  a 
bacterial  infection  that  spread  through  the  mouse  room.  Therefore,  we  reimported  our  mouse  stocks  and 
have  repeated  the  required  three  generations  of  breeding.  We  currently  have  42  N3  mice  in  aging  and 
expect  to  reach  the  100  tumor  goal  by  February  2002. 

Task  3:  Collect  moribund  animals.  Process  tumor  sample.  Assess  the  status  of  the  wild-type  Nfl  allele; 
determine  the  number  of  somatically  acquired  viral  integrations;  phenotypic  analysis. 

To  date,  we  have  collected  and  characterized  tumors  from  66  N3  BXH-2  NflFcr/+  tumors.  Each  of  these 
tumors  have  been  examined  for  loss  of  the  remaining  normal  Nfl  allele  and  the  number  of  somatically 
acquired  viral  integrations.  We  have  determined  that  59  of  these  tumors  contain  either  LOH  for  Nfl  or  a 
viral  integration  at  Evi-2.  Therefore,  by  backcrossing  the  NflFcr  mutation  onto  the  BXH-2  background, 
we  have  increased  the  incidence  of  tumors  involving  the  Nfl  -pathway  from  the  10-15%  observed  in  the 
parental  BXH-2  strain  to  an  incidence  of  89%.  Finally,  we  determined  the  number  of  somatic  viral 
integrations  for  each  tumor.  The  tumors  have  a  mean  number  of  3  such  viral  integrations. 

Tasks  4,  5  and  6:  Clone  somatically  acquired  proviruses  from  tumor  samples  which  harbor  defects  in 
the  wild-type  Nfl  allele  and  have  only  one  or  two  somatic  proviral  insertions.  Prepare  genomic  flanking 
probes  to  screen  tumor  panel.  Screen  with  probes  to  identify  common  sites  of  viral  integration.  Use 
probes  that  recognize  common  sites  of  viral  insertion  to  isolate  cosmid  DNA.  Begin  studies  to  identify  and 
characterize  affected  gene. 

The  Southern  blots  have  been  prepared  using  all  the  available  tumor  samples.  Using  these  Southern 
blots,  we  have  been  able  to  identify  three  common  sites  of  viral  integration:  Epil,  affected  in  48%  of  the 
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tumors;  Epi2  affected  in  3%  of  the  tumors;  and  Epi3  affected  in  3%  of  the  tumors.  For  report  on  each 
site,  please  refer  to  Technical  Objective  2. 


Technical  Objective  2:  Characterize  loci  containing  a  gene  involved  in  tumor  progression.  Our 

objective  has  been  to  identify  the  genes  affected  by  the  Epil,  Epi2  and  Epi3  common  sites  of  viral 
integration.  The  progress  for  each  locus  will  be  reported. 

Epil:  Tasks  1, 2  and  3:  Exon  trap  cosmid  isolated  with  flanking  probe.  Identify  gene.  Isolate  cDNA 
clones.  Determine  the  genomic  structure  and  normal  expression  pattern  of  the  gene.  Determine 
orientation  of  the  gene  relative  to  the  viral  integrations.  Establish  if  virus  activates  or  eliminates  gene 
expression.  The  lone  somatic  viral  integration  site  was  cloned  from  tumor  #355.  A  genomic  fragment 
flanking  the  site  of  viral  integration  was  used  to  screen  the  tumor  panel  and  rearrangements  were  detected 
in  several  independent  tumors.  Initially,  we  named  this  common  site  Epil  (Ecotropic  proviral  integration 
site  1).  The  genomic  flanking  probe  was  then  used  to  genetically  map  the  common  site  of  viral  integration 
to  chromosome  10,  cosegregating  with  the  c -myb  gene.  Using  a  c -myb  cDNA  probe,  we  determined  that 
both  the  common  site  and  the  c -myb  gene  were  contained  on  a  BAC  clone  (a  cosmid  proved  to  be  too 
small  so  we  moved  to  a  BAC  library),  indicating  that  the  two  loci  were  physically  linked.  We  have 
isolated  multiple  probes  downstream  of  the  c -myb  gene  and  identified  a  total  to  29  tumors  (48%  of  the 
panel)  with  viral  integrations  downstream  of  c -myb. 

Most  previously  reported  viral  integrations  proven  to  affect  c -myb  have  occurred  within  the  c- 
myb  gene  and  result  in  overexpression  of  a  truncated  oncogenic  product  (Wolff,  1996).  However,  our 
working  hypothesis  is  that  viral  integrations  at  Epil  do  affect  the  c -myb  gene.  To  determine  how  3'  viral 
insertions  affect  c -myb  expression,  we  examined  the  orientation  of  the  virus  in  13  of  the  tumors  in  which 
we  knew  contained  full  length  virus  (and  hence  were  able  to  orient).  We  found  that  in  all  13  cases,  the 
virus  had  integrated  in  the  same  transcriptional  orientation  as  the  c -myb  gene.  These  data  are  consistent 
with  gene  activation  occuring  by  an  enhancer  insertion  mechanism.  With  this  in  mind,  we  assayed  the 
level  of  c -myb  expression  in  the  tumors  using  a  Northern  blot  containing  total  RNA  isolated  from  several 
of  tumors  with  and  one  without  a  viral  integration  near  c -myb.  We  found  that  c-myb  expression  levels  do 
not  appear  to  be  increased  in  tumors  containing  a  viral  insertion  near  the  c -myb  locus  relative  to  those 
tumors  lacking  such  a  viral  insertion.  Therefore,  we  speculate  that  the  virus  serves  to  prevent 
transcriptional  downregulation  of  c-myb,  a  process  known  to  be  required  for  terminal  differentiation  of 
the  myeloid  (reviewed  in  (Oh,  1999)).  We  have  published  our  results  in  the  enclosed  Journal  of 
Viriology  manuscript. 
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Epi2:  Tasks  1, 2  and  3:  Exon  trap  cosmid  isolated  with  flanking  probe.  Identify  gene.  Isolate  cDNA 
clones.  Determine  the  genomic  structure  and  normal  expression  pattern  of  the  gene.  Determine 
orientation  of  the  gene  relative  to  the  viral  integrations.  Establish  if  virus  activates  or  eliminates  gene 
expression.  As  the  exon  trap  approach  did  not  work,  we  sought  alternate  means  to  identify  the  affected 
gene.  In  collaboration  with  the  Copeland  and  Jenkins  laboratory,  Epi2  was  mapped  to  a  region  of  mouse 
chromosome  17  syntenic  to  human  chromosome  6p21  and  cosegregated  with  two  known  genes.  To 
determine  if  either  genetically  linked  gene  was  physically  linked  to  our  common  site,  we  screened  the 
Research  Genetics  BAC  library  with  the  common  site  probe  and  identified  two  BAC  clones.  We  found 
that  neither  gene  was  on  the  BAC  clones  and  thus  eliminated  them  as  candidate  genes.  To  identify  to  the 
gene  affected  by  these  viral  integrations,  we  sequenced  2.7  kb  of  the  genomic  DNA  adjacent  to  the  site  of 
viral  insertion.  In  September  2001,  we  found  this  flanking  DNA  to  be  homologous  to  a  newly  deposited 
murine  cDNA  sequence  for  the  murine  mitochondrial  SI 8a  subunit.  Thus,  we  have  identified  the  gene 
that  is  disrupted  by  the  Epi2  viral  integrations.  Northern  blot  analysis  has  shown  that  Epi2  is  expressed 
in  heart,  liver,  and  is  also  detectable  in  testis  (Fig.  1A).  We  have  isolated  full  length  cDNA  clones  for 
Epi2,  confirming  the  identity  of  this  gene. 


A 

&  & A 

Epi2  #  jfjgi 

B. 

MAAPLRHTLLKLVPTLLRSSYVAQVPLQTLCT 

RGPPEEDAPSSLPVSPYESEPWKYLDSEEYHNR 

YGSRPVWADYRRNHKGGVPPQRTRKTCIRNNK 

VAGNPCAICRDHKLHVDFRNVKLLEQFVCAHTGI 

1 FHAPYT  GVCMKQHKKLTQAIQKARECGLLSYY 

VPQVEPRDADFGTVHGAVSVTPPAPTLLSGEP 

WYPWYSWQQPPERELSRLRRLYQGNLLEESGP 

PPESMPEMPTTPPAESSIEQPGSQSA 

Figure  1.  (A)  Northern  blot  of  Epi2.  (B)  predicted  amino  acid  sequence  of  Ep/2. 

We  are  currently  seeking  to  determine  if  the  viral  intergrations  activate  or  in  inactivate  this  gene.  Our 
data  indicates  that  viral  integration  has  occurred  in  the  first  intron  in  the  same  transcriptional  orientation 
as  the  gene  in  both  tumors.  This  suggests  that  the  "Epi2"  gene  has  been  mutated  by  one  of  two  protein 
truncation  mechanisms:  either  by  promoter  insertion,  resulting  in  a  5’  protein  truncation  (Fig.  2A),  or  via 
premature  transcriptional  termination,  resulting  in  a  3’  protein  truncation  (Fig.  2B).  To  determine  which 
of  these  two  possible  mechanisms  are  at  work,  we  propose  to  look  for  a  fusion  transcript  between  Epi2 
and  viral  elements.  Our  current  hypothesis  is  that  the  viral  integrations  disrupt  transcription  of  this  gene, 
resulting  in  happloinsufficiency. 
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Figure  2.  Potential  consequences  of  viral  integration  at  the  Epi2  locus.  (A)  5'  protein 
truncation  mechanism  caused  by  transcription  initiation  from  the  3'  LTR  or  the  5'  LTR,  followed  by 
transcriptional  termination  at  the  normal  position.  (B)  3'  protein  truncation  mechanism  caused  by 
transcription  initiation  at  the  normal  promoter  followed  by  premature  transcriptional  termination  in 
the  5'  viral  long  terminal  repeat  (LTR) 

Epi3:  Tasks  1  and  2:  Exon  trap  cosmid  isolated  with  flanking  probe.  Identify  gene.  Isolate  cDNA  clones. 
Determine  the  genomic  structure  and  normal  expression  pattern  of  the  gene.  Determine  orientation  of  the 
gene  relative  to  the  viral  integrations.  Epi3  has  been  mapped  to  a  region  of  mouse  chromosome  4  that  is 
syntenic  to  human  chromosome  Ip35-p31.  During  the  mapping,  it  was  determined  that  there  was  a 
related  sequence,  dubbed  Epi3-rs,  that  was  found  to  map  to  mouse  chromosome  17  in  a  region  syntenic 
to  human  chromosome  6q25-q27.  We  have  determined  that  Epi3  is  expressed  in  the  heart,  liver ,  kidney 
and  testis  and  encodes  a  1.4  kb  mRNA  (Fig.  3  A).  Based  on  comparing  cDNA  sequences  to  genomic 
sequences,  we  believe  that  there  are  3  exons  capable  of  encoding  a  307  amino  acid  protein  (Fig.  3B).  So 
far,  we  have  found  no  strong  homology  matches  in  the  database  to  give  us  a  clue  as  to  the  function  of  this 
protein.  Future  research  will  be  required  to  investigate  the  role  of  this  gene  in  leukemia. 
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Figure  3.  (A)  Northern  blot  of  Epi3.  (B)  predicted  amino  acid  sequence  of  Ep/3. 
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Task  4:  Create  knock-out  construct  for  the  isolated  gene.  Transfect  and  isolate  ES  clones  that  have 
undergone  gene  targeting.  Inject  ES  clones  into  blastocysts  to  generate  a  line  of  mice  that  harbor  the  gene 
knock-out  mutation  in  their  germline.  Study  phenotype  of  mice  homozygous  for  the  mutation. 

Due  to  the  delay  in  identifying  the  Epi2  gene  and  the  fact  that  there  is  already  a  pre-existing  knock-out  of 
the  c -myb  gene,  we  have  instead  created  a  novel  mutation  in  the  Nfl  gene  (see  below).  The  NF1  gene 
encodes  neurofibromin,  a  large  protein  with  multiple  isoforms  produced  as  a  result  of  alternative  splicing. 
One  of  these  alternatively  spliced  exons  is  exon  23  a  which  encodes  21  amino  acids  (aa)  in  the  middle  of 
the  GAP-related  domain.  Type  I  neurofibromin  has  been  defined  as  not  the  isoform  lacking  these 
additional  21  aa  whereas  the  type  II  isoform  contains  them.  Others  have  shown  that  type  II 
neurofibromin  has  a  10-fold  decrease  in  GTPase  activating  protein  (GAP)  activity,  but  has  a  greater 
affinity  for  Ras  (Andersen  et  al.,  1993).  In  additional,  some  have  suggested  that  the  ratio  of  type  I  to 
type  II  isoforms  may  reflect  and/or  influence  differentiation  status  (Gutmann  et  al.,  1993;  Nishi  et 
al.,  1991).  Therefore,  to  investigate  the  function  of  type  II  isoform  of  neurofibromin,  we  generated  mice 
that  specifically  lack  exon  23a  (Nfl23a~/j.  So  far,  using  intercrossing  of  heterozygous  mice,  we  have 
been  able  to  show  that  mice  homozygous  for  this  mutation  are  viable  and  lack  type  II  isoform  in  brain 
tissue.  In  the  past  year,  we  have  characterized  the  mutant  mice  at  the  histological  and  behavioral  level 
and  published  our  results  in  the  enclosed  Nature  Genetics  manuscript. 


Key  Research  Accomplishments 

•  Production  of  a  panel  of  murine  acute  myeloid  leukemia  tumors  that  lack  the  wild  type  Nfl  gene 

product 

•  Identification  of  a  locus,  Epil,  which  appears  to  cooperate  with  the  loss  of  Nfl  to  cause  acute 

myeloid  leukemia  (affected  in  48%  of  the  tumors  in  panel) 

•  Identification  of  a  gene,  Epi2,  which  appears  to  cooperate  with  the  loss  of  Nfl  to  cause  acute 

myeloid  leukemia  (affected  in  3%  of  the  tumors  in  panel) 

•  Identification  of  a  gene,  Epi3,  which  appears  to  cooperate  with  the  loss  of  Nfl  to  cause  acute 

myeloid  leukemia  (affected  in  3%  of  the  tumors  in  panel) 

•  Generation  of  a  novel  strain  of  mouse  containing  a  deletion  mutation  of  the  alternatively  spliced 

Nfl -exon  23a. 
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Reportable  Outcomes 

•  Two  abstracts  presented  at  the  National  Neurofibromatosis  Foundation  meetings. 

•  Publication  of  two  manuscripts  (see  Appendix). 

•  A  repository  of  murine  acute  myeloid  leukemia  tumors 

•  Generation  of  a  strain  of  mouse  lacking  the  alternatively  spliced  Nfl  exon  23a. 

•  Submission  of  a  grant  application  to  the  NIH  based  on  the  identification  of  three  genes  which 

appear  to  cooperate  with  mutations  in  the  Nfl  gene  to  cause  acute  myeloid  leukemia 

•  Granting  of  a  Ph.D  degree  to  my  graduate  student,  Susan  Blaydes,  and  successful  placement  in  a 

postdoctoral  position  at  the  Florida  Memorial  Hospital 

•  Granting  of  a  M.S.  degree  to  my  graduate  student,  Melissa  Shelly,  in  addition  to  an  M.B.A.  degree,  and 

successful  placement  in  the  insurance  industry 

•  Successful  placement  of  a  former  postdoctoral  fellow,  Tao  Yang,  in  a  pathology  residency  program 

in  Brigham  and  Women's  Hopital  in  Boston,  MA 


List  of  Personnel  receiving  pay  from  research  effort 

Camilynn  Brannan 
Susan  Blaydes 
Melissa  Shelley 
Joanne  Anderson 


Conclusions 

Our  hypothesis  has  been  that  progression  of  juvenile  myelomonocytic  leukemia  (JMML)  to  acute 
leukemia  (Gadner  and  Haas,  1992)  is  the  result  of  genetic  mutations  in  cooperating  genes  in  addition  to 
loss  of  NF1.  During  this  study,  we  have  successfully  identified  three  loci  that  appear  to  be  candidates 
for  JMML  to  AML  tumor  progression.  Therefore,  this  data  strongly  supports  our  hypothesis  and  has 
provided  us  with  valuable  reagents  which  we  can  use  to  experimentally  prove  our  hypothesis. 

So  what  does  this  research  mean  to  NF1  patients?  While  most  of  the  tumors  associated  with 
neurofibromatosis  type  1  (NF1)  are  benign  in  nature,  unfortunately,  malignant  transformation  of  a  subset 
of  NF1  tumors  can  be  a  serious  complication.  For  example,  plexiform  neurofibromas  are  known  to 
transform  into  malignant  nerve  sheath  tumors  (MNPSTs)  and  JMML  is  known  to  progress  into  acute 
leukemia  (Gadner  and  Haas,  1992).  Because  of  our  research,  we  now  have  a  handle  on  the  types  of 
genetic  changes  which  lead  to  the  formation,  transformation  and  leukemic  progression  of  NF1 -associated 
JMML.  This  in  turn  may  lead  better  prevention,  diagnosis,  and  rational  treatment  for  all  malignancies 
that  affect  NF1  patients. 
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Learning  deficits,  but  normal  development 
and  tumor  predisposition,  in  mice  lacking 
exon  23a  of  Nfl 

Rui  M.  Costa1*,  Tao  Yang2-5*,  Duong  R  Huynh3,  Stefan  M.  Pulst3,  David  H.  Viskochil4,  Alcino  J.  Silva1 
&  Camilynn  I.  Brannan2 

*These  authors  contributed  equally  to  this  work. 


Neurofibromatosis  type  1  (NF1)  is  a  commonly  inherited  autosomal  dominant  disorder.  Previous  studies  indicated 
that  mice  homozygous  for  a  null  mutation  in  Nfl  exhibit  mid-gestation  lethality,  whereas  heterozygous  mice  have 
an  increased  predisposition  to  tumors  and  learning  impairments.  Here  we  show  that  mice  lacking  the  alternatively 
spliced  exon  23a,  which  modifies  the  GTPase-activating  protein  (GAP)  domain  of  Nfl,  are  viable  and  physically 
normal,  and  do  not  have  an  increased  tumor  predisposition,  but  show  specific  learning  impairments.  Our  findings 
have  implications  for  the  development  of  a  treatment  for  the  learning  disabilities  associated  with  NF1  and  indi¬ 
cate  that  the  GAP  domain  of  NF1  modulates  learning  and  memory. 


Introduction 

NF1  is  a  commonly  inherited,  autosomal  dominant  disorder  that 
affects  approximately  1  in  4,000  individuals.  Mutations  in  the 
gene  NF1  cause  several  abnormalities  in  cell  growth  and  tissue  dif¬ 
ferentiation,  including  neurofibromas,  cafe  au  lait  spots  and  Lisch 
nodules  of  the  iris1,2.  A  broad  range  of  learning  disabilities  are  also 
associated  with  NF1  (ref.  3).  The  protein  encoded  by  NF1,  neu- 
rofibromin,  contains  a  GAP  domain,  known  to  inhibit  Ras-medi- 
ated  signal  transduction4-6.  Previous  studies  showed  that  mice 
homozygous  for  a  Nfl  null  mutation  exhibit  mid-gestational 
lethality,  whereas  heterozygous  mice  have  an  increased  tumor  pre¬ 
disposition  and  learning  impairments7-9.  It  is  therefore  unclear 
whether  the  learning  disabilities  are  associated  with  developmen¬ 
tal  abnormalities  or  increased  tumor  predisposition.  An  alterna¬ 
tively  spliced  NF1  exon,  23a,  encodes  63  bp  within  the 
GAP-related  domain.  Exclusion  of  exon  23a  results  in  the  type  I 
isoform,  whereas  inclusion  of  23a  results  in  the  type  II  isoform. 
The  type  II  isoform  has  a  greater  affinity  for  Ras,  but  lower  GAP 
activity  than  type  I  (refs.  10,11).  To  determine  the  role  of  the  type 
II  isoform,  we  developed  a  mouse  strain  specifically  lacking  exon 
23a  (NfltmlCbr,  hereafter  Nfl23^) .  We  found  that  mice  homozy¬ 
gous  for  this  mutation  (M725a-/-)  are  viable  and  physically  nor¬ 
mal,  and  do  not  have  an  increased  tumor  predisposition.  M723a-/- 
mice,  however,  have  specific  learning  impairments  in  hippocam¬ 
pal-dependent  tasks  (water  maze  and  contextual  discrimination) 
similar  to  those  previously  described  for  heterozygous  null 
mutants9.  These  results  demonstrate  that  the  Nfl  type  II  isoform 
is  not  required  for  either  normal  embryological  development  or 
tumor  suppression,  but  is  essential  for  normal  brain  function. 
Also,  they  indicate  that  the  GAP-related  domain  of  neurofibromin 
modulates  learning  and  memory. 


Results 

Mice  lacking  exon  23a  are  viable  and  lack  Nfl  type  II 

We  made  the  exon  23a  deletion  vector  by  joining  a  DNA  frag¬ 
ment  located  upstream  of  Nfl  exon  23a  to  a  fragment  3'  of  exon 
23a,  generating  a  deletion  of  approximately  300  bp  that  included 
exon  23a  (Fig.  la).  For  positive  selection  of  the  targeting  vector,  a 
neomycin  resistance  cassette  previously  shown  not  to  affect  the 
transcription  or  splicing  of  the  surrounding  exons12  was  inserted 
in  the  deletion.  After  electroporation  of  the  targeting  vector  and 
subsequent  selection  and  screening  of  embryonic  stem  (ES)  cell 
clones,  19  independent  clones  were  identified  that  had  the 
expected  deletion  of  exon  23a, 

Male  chimeric  mice  were  generated  from  two  independent 
exon  23a  deletion  ES  cell  lines  using  standard  procedures13. 
Upon  maturity,  males  derived  from  each  cell  line  were  mated 
with  C57BL/6J  females,  and  germline  transmission  of  the  exon 
23a  deletion  mutation  was  obtained  from  both  lines.  The  result¬ 
ing  Fj  progeny  were  intercrossed  to  obtain  F2  mice  of  all  three 
genotypes  in  the  expected  mendelian  ratio.  These 
(C57BL/6Jxl29/SvEv)  F2  animals  were  used  in  the  experiments 
described  below.  Identical  results  were  obtained  from  both  inde¬ 
pendent  lines;  therefore,  we  combined  them. 

To  confirm  that  the  engineered  mutation  resulted  in  deletion 
of  exon  23a,  we  used  RT-PCR  from  RNA  derived  from  brain 
tissue.  We  determined  that  the  type  II  isoform  was  missing  from 
fjfj23a-/-  anjrnais>  but  present  in  Nfl23a+/+  and  Nfl23a+/~  animals 
(Fig.  lb).  Moreover,  Nfl 23a_/~  animals  seemed  to  have  normal 
levels  of  the  type  I  isoform,  indicating  that  the  intronic 
neomycin  resistance  gene  had  no  adverse  affect  on  Nfl 
expression.  Protein  extracts  prepared  from  brain  tissue  were 
analyzed  by  western-blot  analysis  using  two  affinity- purified 
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anti-neurofibromin  peptide  antibodies14:  NF1C,  which  recog¬ 
nizes  the  C  terminus  of  neurofib rom in;  and  GAP4,  which  recog¬ 
nizes  the  21  amino  acids  encoded  by  exon  23a.  We  determined 
that,  although  all  three  genotypes  express  type  I  neurofibromin, 
only  Nfl23a+/+  and  Nfl23a+/~  mice  express  type  II  (Fig.  lc).  These 
data  demonstrate  that  the  targeted  deletion  of  Nfl  exon  23a 
results  in  loss  of  type  II  neurofibromin.  We  then  performed 
immunohistochemical  analysis  of  brain  tissue  with  the  GAP4 
antibody  using  Nfl 23a^~  tissue  as  a  negative  control  for  antibody 
specificity.  In  contrast  to  previous  studies  using  RT-PCR  analy¬ 
sis  of  mouse  cortical  cultures15,  we  found  that  type  II  neurofi¬ 
bromin  is  not  only  expressed  in  glia,  but  also  in  mature  neurons 
in  the  mouse  adult  brain,  including  pyramidal  neurons  in  the 
CA3  region  of  the  hippocampus,  Purkinje  and  granule  cells  in 
the  cerebellum  (Fig.  1  d-i). 

Nf123a-/~  mice  do  not  have  increased  predisposition  for 
tumor  formation 

We  analyzed  28  adult  mice  (between  the  ages  of  4  and  13  months; 
average  8  months)  at  the  histopathological  level  (13  Nfl 23a~/~t  10 
Nfj23a+/~  ancj  5  Nfl23a+/+)  Complete  examination  revealed  that 
only  4  of  28  mice  had  any  abnormalities,  but  no  abnormality  was 
found  more  than  once.  One  male  Nfl 25a"/_  mouse  (8  months) 
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Fig.  1  Strategy  and  analysis  of  targeted  disruptions  of  Nfl  exon  23a.  a,  Strategy 
for  creation  of  the  exon  23a  deletion  allele.  The  top  line  represents  the  structure 
of  a  portion  of  endogenous  Nfl.  The  second  line  represents  the  targeting  vector 
in  which  the  Neo  cassette  (white  box)  replaces  300  bp  of  genomic  DNA  encom¬ 
passing  exon  23a.  A  viral  thymidine  kinase  gene  (light  stippled  box)  has  been 
placed  at  the  5'  end  of  the  construct  as  above,  The  third  line  represents  the  pre¬ 
dicted  structure  of  the  locus  following  targeted  integration  of  the  replacement 
vector,  b,  RT-PCR  analysis  of  wild-type,  heterozygous  and  homozygous  mutant 
mice  at  6  weeks  of  age.  Brain  RNA  was  reversed  transcribed  using  random  hexam- 
ers  followed  by  PCR  amplification  using  oligonucleotides  derived  from  exon  23 
and  the  junction  of  exons  24  and  25.  c,  Absence  of  neurofibromin  type  II  in  exon 
23a  mutant  mice.  Mouse  brain  protein  extracts  from  Nfl 23a^~,  Nf123a+/~  and 
A/f72Ja+/+  mice  were  subjected  to  western  blots  using  the  GAP4  antibody,  which 
detects  type  II  isoform  (top),  and  the  NF1 C  antibody  which  detects  both  type  l  and 
type  II  isoforms  (bottom).  The  GAP4  antibody  detects  a  single  250-kD  protein  in 
wild-type  and  heterozygous  mice,  but  not  in  homozygous  mutant  mice.  In  con¬ 
trast,  the  NF1 C  antibody  detects  a  250-kD  protein  in  all  three  genotypes,  d-i,  Spe¬ 
cific  expression  on  type  II  neurofibromin  in  the  hippocampus  and  the  cerebellum. 
Mouse  brain  sections  from  wild-type  (d,f, h)  and  Nfl23*-*-  ( e,g,i )  mice  were  stained 
with  GAP4  antibody.  In  the  hippocampus  ( d,t },  high  expression  of  type  II  neurofi¬ 
bromin  is  found  in  the  pyramidal  neurons  in  the  CA3  region,  but  only  weak 
expression  is  found  in  the  CA2  and  CA1  regions.  Type  II  neurofibromin  is  unde¬ 
tectable  in  the  dentate  gyrus  (DG).  f.g,  Close-up  of  the  CA3  region.  In  the  cerebel¬ 
lum  {h.i),  the  GAP4  antibody  strongly  labels  the  cell  bodies  and  dendrites  of  the 
Purkinje  neurons.  The  type  II  neurofibromin  isoform  was  undetectable  in  Nfl 23a~/~ 
brain  sections  (e,g,i).  Magnifications  are  as  follows:  top  row,  xIO;  middle  and  bot¬ 
tom  rows,  xlOO;  insets,  x500.  Bars  for  d.e,  0.5  mm;  f-i,  50  pm;  insets,  10  pm. 


had  an  enlarged  spleen  (6  times  normal)  containing  splenic 
hyperplasia  with  expansion  of  red  pulp  and  increased 
extramedullar  hematopoiesis.  The  lung,  liver  and  kidneys 
revealed  mild  interstitial  lymphocyte  infiltrates.  Another 
Nfl23a~/~  male  (13  months)  had  a  small  liver  adenoma  (0.3  cm) 
and  a  small  lung  adenoma  (0.3  cm).  A  Nfl female  mouse  (9 
months)  contained  a  large  intra- abdominal  cyst  filled  with  yel¬ 
low  serous  fluid.  Microscopic  examination  revealed  features  con¬ 
sistent  with  endometriosis.  Finally,  a  Nfl23a+/~  male  (6.5  months) 
had  an  enlarged  kidney  (2  times  normal),  which  on  sectioning 
revealed  multiple  cystic  lesions  in  the  medulla  and  seemed  to  be  a 
renal  cystadenoma.  The  remaining  24  mice  were  found  to  be 
completely  normal,  indicating  that  there  are  neither  obvious 
genotype -associated  pathologies  nor  an  increased  risk  for  malig¬ 
nancy  within  the  first  year  of  life. 

Examination  of  brain  sections  from  all  28  mice  stained  with 
hematoxylin  and  eosin  revealed  no  gross  or  microscopic  abnor¬ 
malities  among  the  three  genotypes.  As  there  have  been  reports  of 
astrogliosis  in  individuals  with  NF1  and  in  Nfl+/~  mice16,17,  we 
investigated  the  distribution  of  astrocytes  in  the  brain  by  immuno- 
staining  with  glial  fibrillary  acid  protein  (GFAP)  antibody.  Overall, 
no  differences  in  the  GFAP  staining  pattern  or  intensity  were  seen 
among  the  three  groups  of  mice  (data  not  shown). 
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Because  the  Nfl+/~  mice  have  increased  predisposition  for 
tumor  formation  and  lower  survival  rates  than  wild-type  con¬ 
trols8,  we  aged  another  cohort  of  27  mice  (9  wild  type,  10 
Nfl23a+/~,  8  Nfl 23a~/~)  for  over  two  years  and  analyzed  their  sur¬ 
vival  rates  at  different  ages.  No  differences  were  observed  in  the 
survival  rates  of  the  different  genotypes  (Table  1;  %26=2.27, 
P>0.05) .  At  the  age  of  27  months,  the  surviving  mice  were  eutha¬ 
nized  and  necropsy  was  performed.  One  wild-type  female  had 
pus  in  the  abdominal  cavity  with  enlarged  spleen  and  one 
Nfl23a^~  male  had  a  large  (0.5  cm),  well-confined  mass  in  the 
prostate  area,  but  no  consistent  pathology  was  seen  among  the 
three  genotypes. 

Spatial  learning  is  impaired  in  Nf  l23a~f-  mice 

Visual-spatial  problems  are  among  the  most  common  cognitive 
deficits  detected  in  NF1  patients3  and  previous  results  showed 
that  NfI+/~  mice  have  abnormal  spatial  learning9.  To  determine 
whether  the  Nfl 23a-f~  mutation  affected  spatial  learning,  we 
tested  these  mice  in  the  hidden  version  of  the  water  maze,  a  task 
known  to  be  sensitive  to  hippocampal  lesions18.  In  this  task  an 
animal  learns  to  locate  a  submerged  platform  in  a  pool  filled  with 
opaque  water.  During  training,  mice  were  given  2  trials  per  day 
for  14  days.  No  differences  were  observed  between  wild-type  and 
mutant  mice  in  floating,  thigmotaxic  behavior  or  swimming 
speed  (wild  type=19.9  cm/s,  mutants=18.9,  F122^0.297, 
P>0.05) .  Across  days,  all  animals  decreased  the  time  taken  to  find 
the  platform  (Ft  oj=13.914,  P<0.05)  and  no  difference  was  found 
between  Nfl23a~2~  mice  and  wild-type  littermates  (Fj  21=2.548, 
P>0,05;  Fig.  2a).  The  time  taken  to  find  the  platform  during 
training  is  known  to  be  a  poor  measure  of  spatial  learning19. 
Therefore,  we  assessed  spatial  learning  in  probe  trials  in  which 
the  platform  was  removed  from  the  pool.  In  a  probe  trial  given 
after  10  days  of  training,  the  wild-type  mice  searched  selectively, 


Table  1  •  Survival  rates  of  the  different  genotypes 


Age  (months) 

12 

18 

24 

27 

Genotype 

wild  type 

100% 

77% 

77% 

44% 

Nf123a+,~ 

100% 

100% 

90% 

50% 

Nf123a~,~ 

100% 

87.5% 

75% 

50% 

We  aged  27  mice  (9  wild  type,  10  Nfl23a+/~  and  8  Nfl 23a^~)  to  27  months  and 
analyzed  their  survival  rates  at  different  ages.  No  differences  were  observed  in 
the  survival  rates  of  the  different  genotypes  (x26=2.27,  P>0.05). 


spending  significantly  more  time  searching  for  the  platform  in 
the  quadrant  where  the  platform  was  during  training  than  in  the 
other  quadrants  (F3  44=12.242,  P<0.05),  whereas  Nfl233'2'  mice 
searched  randomly  (F3  44=2.716,  P>0.05)  and  spent  significantly 
less  time  searching  for  the  platform  in  the  training  quadrant  than 
wild  type  (F3  22=6.555,  P<0.05;  Fig.  2c).  Using  another  very  sen¬ 
sitive  measure  to  assess  spatial  learning20  (proximity  to  plat¬ 
form)  ,  we  verified  that  wild-type  mice  searched  on  average  closer 
to  the  exact  platform  position  than  to  the  symmetrically  opposite 
position  in  the  pool  (tn=— 2.612,  P<0.05),  whereas  mutants  did 
not  (tj !=0.709,  P>0.05;  Fig.  2e). 

Previous  studies  showed  that  additional  training  alleviates  the 
learning  deficits  in  the  Nfl+/~  mice9.  Consistently,  following  four 
additional  days  of  training,  the  Nfl 23a~/~  mice  searched  as  selec¬ 
tively  as  wild-type  controls  in  a  probe  test  (F=  1.301,  P>0.05;  Fig. 
3  c/).  They  spent  significantly  more  time  searching  in  the  training 
quadrant  than  in  the  other  quadrants  (F3  44=  15.348,  P<0.05)  and 
searched  closer  to  the  exact  platform  position  (tu=-2.905, 
P<0.05;  Fig.  31). 

To  determine  whether  deficits  in  motivation,  motor  coordina¬ 
tion,  or  vision  account  for  the  abnormalities  in  spatial  learning, 
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Fig.  2  Spatial  learning  in  the  water  maze,  a,  Nfl 23a~i~  mice 
(n=12)  and  wild-type  littermates  (n=12)  were  trained  for  14  d, 
with  2  trials  per  day  in  the  water  maze.  The  average  latency  to 
reach  the  hidden  platform  is  plotted.  Escape  latencies  decrease 
across  days  (F1r21=1 3.914,  P<0.05)  and  there  is  no  difference  in 
latencies  between  mutants  and  controls  during  training 
(F1  Z1=2.548,  P>0.05).  b,  After  the  hidden  version  of  the  water 
maze,  the  animals  were  run  in  the  visible  platform  task.  There 
was  no  difference  in  latency  to  get  to  the  platform  across  trials 
between  wild-type  and  mutants  (F114=0.30,  P>0.05).  c,  Results 
of  a  probe  trial  given  after  10  days  of  training.  The  percentage 
of  time  animals  spent  searching  in  each  of  the  training  quad¬ 
rants  is  shown.  ANOVA  shows  that  there  is  an  effect  of  per¬ 
centage  time  spent  in  quadrant  for  wild  type  (F344=12.242, 
P<0.05).  Post-hoc  analysis  show  that  wild-type  mice  spent  sig¬ 
nificantly  more  time  searching  in  the  training  quadrant  than  in 
any  of  the  other  quadrants  (Fisher  PLSD,  P<0.05).  Mutants  did 
not  search  selectively  in  any  of  the  quadrants  (F344=2.716, 
P>0.05)  and  spent  significantly  less  time  searching  in  the  train¬ 
ing  quadrant  than  wild  type  (F3  22=6.555,  P<0.05).  d,  Probe  trial 
given  after  14  days  of  training.  Both  mutants  (F3>44=1 5.34  8, 
P<0.05)  and  wild  type  (F344=23.110,  p<0.05)  searched  selec¬ 
tively  and  spent  significantly  more  time  searching  in  the  train¬ 
ing  quadrant  than  in  any  of  the  other  quadrants  (Fisher  PLSD, 
P<0.05).  e,  During  the  probe  trial  given  at  day  10,  wild-type 
mice  searched  on  average  closer  to  the  exact  position  of  the 
platform  during  training  than  to  the  symmetric  position  in  the 
opposite  quadrant  (t^  =-2.61 2,  P<0.05),  whereas  mutants  did 
not  (tn=0.709,  P>0.05).  f,  Probe  trial  day  14.  Both  mutants  and 
wild  type  searched  on  average  closer  to  the  exact  platform 
position  than  to  the  opposite  position  in  the  pool  (t11=-2.905, 
P<0.05;  t11=-6.71 ,  P<0.05).  Dashed  line  indicates  random 
search  (25%  in  each  quadrant).  'Significant  difference,  P<0.05. 
tq,  training  quadrant;  ar,  adjacent  right  quadrant;  at,  adjacent 
left  quadrant;  op,  opposite  quadrant. 
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Fig.  3  Contextual  discrimination,  a,  Percentage 
of  time  spent  freezing  in  chamber  A  (shock  con¬ 
text,  filled)  versus  chamber  B  (no-shock  context, 
open  bars)  shown  for  each  of  the  three  testing 
days.  Wild-type  mice  spent  significantly  more 
time  freezing  in  the  chamber  where  they  were 
shocked  than  in  the  other  chamber  on  each  test 
day  (day  1,  A=66.8,  B=47.4,  t8=2.407,  P<0.05;  day 
2  A=78.0,  B=51.2,  V5.873,  P<0.05;  day  3, 
A=77.2,  B=52.2,  t8=4.890,  P<0.05),  showing  that 
they  discriminate  between  the  two  chambers. 
NF123a-/-  mutants  did  not  discriminate  between 
the  chambers  (day  1,  A=47.5,  B=43.3,  ta=0.603, 
P>0.05;  day  2,  A=70.5  B=53.5,  t8=1.839,  P>0.05) 
during  the  first  two  days  of  training,  but  they 
finally  discriminated  after  three  days  of  training 
(A=62.4,  B=44.8,  te=2.534,  P<0.05).  b,  Specificity 
of  the  conditioned  freezing.  After  training  in 
contexts  A  and  B,  mutants  and  wild-type  mice 
were  tested  in  chamber  A  and  a  novel  chamber, 
C.  Both  mutants  (A=66.6,  C=3.1)  and  wild-type 
(A=73.7,C=3.8)  showed  similarly  robust  freezing 
in  chamber  A  (shock  context,  black  bars, 

F, j 5=0.637,  fM>.05)  and  essentially  no  freezing 
in  chamber  C  (novel  context,  gray  bars, 

F1; 15=0.111,  P>0.05).  c,  Memory  consolidation 
does  not  seem  to  be  impaired  in  the  mutants 
because  both  mutant  (open  bars)  and  wild-type 
controls  (filled  bars)  exhibited  similar  levels  of 
freezing  (wild  type=77.1,  mutants=73,5, 
Fn -,5=0.111,  P>0.05)  when  re-exposed  35  days 
later  to  the  same  chamber  where  they  were 
shocked.  'Significant  difference,  P<0.05. 
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the  same  animals  were  tested  in  the  visible  platform  version  of  the 
water  maze,  a  task  that  is  not  affected  by  hippocampal  lesions18.  In 
this  task,  animals  must  locate  a  platform  marked  with  a  visible 
cue.  Both  mutant  and  wild-type  control  mice  acquired  the  task 
similarly,  as  the  times  taken  to  reach  the  visible  platform  were  not 
different  between  the  groups  (Fi  14=0.030,  P>0.05,  Fig.  3 6), 

Nf123a-/~  mice  are  impaired  in  contextual  discrimination 

We  confirmed  the  water  maze  results  using  another  hippocam¬ 
pal-dependent  task,  contextual  discrimination21.  In  this  task 
animals  are  required  to  discriminate  between  two  similar  cham¬ 
bers,  one  in  which  they  receive  a  mild  foot  shock  (chamber  A) 
and  another  in  which  they  do  not  (chamber  B) .  Contextual  dis¬ 
crimination  is  assessed  by  measuring  the  time  spent  ‘freezing’ 
(that  is,  without  any  bodily  movement  aside  from  respiration) 
in  each  chamber.  Throughout  training,  wild-type  mice  froze 
significantly  more  in  the  chamber  where  they  were  shocked 
than  in  the  other  chamber  (P<0.05  for  all  three  days),  showing 
that  they  discriminate  between  the  two  chambers  (Fig.  3a).  In 
contrast,  during  the  first  two  days  of  training,  Nfl23a~/~  mutants 
did  not  discriminate  between  the  chambers  (P> 0.05  for  both 
days).  Nfl23a~/~  mice  Finally  discriminated  between  the  cham¬ 
bers  after  three  days  of  training  (day  3,  tg=-2.534,  P<0.05),  con¬ 
firming  that,  just  as  with  spatial  learning,  additional  training 
can  overcome  the  learning  deficits.  When  tested  in  chamber  C, 
which  is  very  different  from  the  training  chambers,  both  wild- 
type  and  mutant  mice  showed  little  or  no  freezing  (Fig.  36). 
This  demonstrates  that  the  freezing  responses  in  chamber  B  are 
probably  triggered  by  the  cues  shared  with  chamber  A.  The 
Nfl23a~'~  mutation  does  not  seem  to  affect  long-term  memory, 
because  mutants  and  controls  had  similar  levels  of  freezing 
(Fj  15— 0. Ill,  P>0.05)  when  tested  35  days  after  training  (Fig. 
3c)!  Also,  the  ability  to  freeze  seems  to  be  unaffected  by  the 
mutation.  In  chamber  A,  both  baseline  freezing  (wild  type,  9.0; 
Nfl23a-/-'  0  7.  Fj  15=0.264,  P>0.05)  and  freezing  after  foot- 
shock  delivery  (Ft  15=3.495,  P>0.05)  were  similar  between  wild 
type  and  mutants. 


Nfl23*-/-  mice  have  delayed  acquisition  of  motor  skills 

Some  individuals  with  NF1  show  delayed  acquisition  of  motor 
skills  and  motor  coordination  problems3.  To  determine  whether 
the  A Jfl23a~/-  mutation  affects  motor  function,  we  tested  the  mice 
on  an  accelerating  rota-rod22,23  (4-40  r.p.m.  in  300  s).  Nfl23a~/~ 
mice  fell  off  the  rotating  rod  sooner  than  wild-type  mice 
(Fi, 17=4.84,  P<0.05;  Fig.  4a).  This  motor  coordination  impair¬ 
ment  is  not  due  to  greater  fatigue  in  the  mutants  because,  at  an 
intermediate,  constant  speed  (14  r.p.m),  mutants  and  controls 
showed  no  differences  in  latency  to  fall  from  the  rotating  rod 
(F1(16=0-262,  P>0.05;  Fig.  46). 

The  effects  of  the  Nf  l23a-/~  mutation  are  specific 

It  is  unlikely  that  the  learning  deficits  in  these  mice  are  caused  by 
generalized  neurological  problems  or  poor  motor  performance, 
as  swimming  speed,  ability  to  freeze,  ambulance  (hind  paw 
analysis23),  exploratory  behavior  (open  field23),  muscular 
strength  (wire  hang24)  and  body  weight  (data  not  shown)  were 
not  affected  by  the  mutation. 

Just  as  NF1  patients  do  not  show  learning  deficits  in  all  tasks, 
the  Nfl23a~/~  mutation  did  not  affect  all  forms  of  learning.  When 
tested  in  the  social  transmission  of  food  preferences25,  a  task  that 
assesses  the  capability  of  an  animal  to  remember  a  food  smelled 
in  the  breath  of  a  Iittermate,  Nfl23a~/~  mice  learned  as  well  as 
wild-type  controls  (t8=3.23,  P<0.05;  Fig.  5).  This  is  relevant 
because  the  brain  regions  required  to  solve  this  task26  are  differ¬ 
ent  from  the  ones  required  for  the  water  maze18  and  contextual 
discrimination21,  revealing  that  the  effects  of  this  mutation  are 
specific. 

Discussion 

Neurofibromin  is  a  complex  protein  that  is  implicated  in  a  num¬ 
ber  of  biological  processes,  including  growth,  differentiation, 
learning  and  memory.  Accordingly,  inactivating  mutations  of 
NF1  in  humans  and  mice  results  in  a  wide  spectrum  of  symptoms 
ranging  from  increased  tumor  predisposition  to  learning  disabil¬ 
ities27.  NF1  encodes  several  distinct  isoforms  of  neurofibromin. 
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Fig.  4  Motor  performance  in  the  rota-rod.  a,  Accelerating  rota-rod.  Wild-type 
and  Nfl 23a~'~  were  given  5  trials  in  an  accelerating  rota-rod  (4-40  r.p.m.  in  5 
min)  during  1  day.  All  subjects  showed  an  increase  in  the  latency  to  fall  across 
trials  (F1<17=13.3,  P<0,05)  indicating  that  they  improved  their  performance 
across  trials.  In  average  mutants  fell  off  the  rotating  rod  sooner  than  the  wild 
type  (F-)  17=4.84,  P<0.05).  b,  Constant  speed  rota-rod.  The  mice  were  given  four 
trials  at  a  lower  constant  speed  (14  r.p.m.  for  5  min)  during  one  day.  Under 
these  conditions,  mutants  and  controls  showed  no  differences  in  latency  to  fall 
from  the  rotating  rod  (F-,  16=0.262,  P>0.05). 


Here  we  have  demonstrated  that  one  isoform,  type  II,  is  impor¬ 
tant  for  brain  function,  but  not  for  embryological  development 
or  tumor  suppression.  It  is  possible  that  other  alternatively 
spliced  exons  (such  as  exon  9a)  expressed  postnatally  in  forebrain 
neurons28,  also  have  a  role  in  mechanisms  underlying  learning 
and  memory.  Our  data  indicate  that  the  learning  deficits  caused 
by  mutations  that  inactivate  NF1  in  mice  and  humans  are  not  a 
result  of  developmental  deficits  or  undetected  tumors.  Instead, 
they  suggest  that  the  learning  deficits  in  individuals  with  NF1  are 
caused  by  the  disruption  of  neurofibromin  function  in  the  adult 
brain,  a  finding  with  important  implications  for  the  development 
of  a  treatment  for  the  learning  disabilities  associated  with  NF1. 

Exon  23a  modifies  the  GAP  domain  of  NF1.  Thus,  our  results 
indicate  that  modulation  of  the  Ras  pathway  is  important  to 
learning  and  memory.  These  data  are  consistent  with  previous 
findings.  First,  patients  carrying  a  missense  mutation  that  specif¬ 
ically  eliminates  the  Ras-GAP  activity  of  neurofibromin  have 
learning  disabilities29.  Second,  pharmacological  disruption  of  the 
downstream  Ras  target  MAPK  disrupts  learning  in  rodents30. 
Third,  a  deletion  mutation  of  Ras  guanine -nucleotide-exchange 
factor  (Ras-GRF)  also  affects  learning  and  memory  in  mice31.  In 
addition,  Nfl- null  mutations  are  known  to  elevate  Ras-GTP 
(refs.  32,33),  and  cause  learning  disabilities9.  These  results  sug¬ 
gest  that  either  abnormally  high  or  low  Ras-GTP  levels  affect 
learning  and  memory.  It  has  been  shown  that  type  I  neurofi¬ 
bromin  has  higher  GAP  activity  and  lower  affinity  for  Ras  than 
type  II  (refs.  10,1 1),  offering  the  possibility  that  the  ratio  between 
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the  two  isoforms  modulates  Ras  signaling.  Because  Nfl  type  I 
and  type  II  isoforms  are  expressed  in  some  of  the  same  popula¬ 
tions  of  cells  in  the  adult  brain,  and  the  relative  expression  of 
these  two  isoforms  in  neuronal  cultures  is  subject  to  modulation 
by  extrinsic  factors,  such  as  NGF  (ref.  34),  we  propose  that  differ¬ 
ential  expression  of  these  two  isoforms  may  have  a  role  in  fine- 
tuning  Ras  activity  in  the  central  nervous  system. 

Although  the  neurological  and  cognitive  deficits  associated 
with  NF1  are  pleiomorphic  and  incompletely  penetrant  (only 
about  half  of  individuals  show  learning  disabilities),  spatial 
problems  are  the  most  common  abnormality  associated  with 
this  condition.  Although  it  is  unclear  whether  the  same  brain 
systems  underlie  the  spatial  phenotype  in  mice  and  humans,  it  is 
important  to  note  that  both  the  heterozygous  null  Nfl  mutation 
and  the  Nfl 23a_/~  mutation  primarily  result  in  incompletely  pen¬ 
etrant  spatial  learning  deficits  in  mice.  Additionally,  NF1  muta¬ 
tions  can  result  in  motor  coordination  problems  in  both  mice 
and  humans.  These  compelling  parallels  demonstrate  the  use¬ 
fulness  of  mouse  models  to  understand  the  etiology  of  learning 
deficits  in  NF1. 

Methods 

Targeted  deletion  of  exon  23a.  The  exon  23a  deletion  vector  was  made  by 
joining  a  5'  upstream  4.8  kb  BsrFI  fragment  containing  exon  23  to  a  3' 
downstream  4.6  kb  BstBI-(lVofl)  fragment  containing  intronic  sequence. 
This  resulted  in  a  deletion  of  approximately  300  bp  of  genomic  DNA, 
which  included  exon  23a.  A  neomycin  selectable  marker  (KT3NP4)  was 
inserted  between  the  two  fragments  in  the  opposite  transcriptional  orien¬ 
tation  relative  to  Nfl  and  a  PGK-TK  cassette  was  placed  at  the  5'  end  of  the 
construct.  CJ.7  cells35  were  cultured  and  electroporated  with  linearized 
vector  using  standard  conditions36,  and  then  plated  onto  gelatin  coated 
dishes  in  media  containing  ESGRO  (1,000  p/ml;  Gibco  BRL).  After  24  h, 
the  culture  medium  was  changed  to  include  250  pg/ml  active  concentra¬ 
tion  of  Geneticin  (Gibco  BRL) .  After  48  h  it  was  changed  again  to  include 
0.7  pM  FIAU  (0.7  pM;  Oclassen  Pharmaceuticals).  Seven  days  after  elec¬ 
troporation,  500  Geneticin-  and  FIAU-resistant  colonies  were  picked  and 
expanded  on  mouse  embryo  fibroblasts  in  the  presence  of  Geneticin.  We 
isolated  genomic  DNA  from  ES  cells  as  described37.  Aliquots  of  the  DNA 
(5  pg)  were  digested  to  completion  with  BamHl,  then  electrophoresed 
through  0.8%  agarose  gels,  transferred  to  Hybond  nylon  membranes 
(Amersham)  and  subsequently  screened  using  a  0.5-kb  EcoRl-Spel  frag¬ 
ment  mapping  5'  to  the  limit  of  homology.  Autoradiography  was  carried 
out  at  -70  °C  using  Kodak  XAR  film.  We  found  the  expected  replacement 
event  in  1  of  every  9  clones.  We  selected  two  independent  clones  to  derive 
chimeric  mice  according  to  standard  procedures13. 

RT-PCR.  We  pretreated  total  brain  RNA  (10  pg)  with  DNase  I  (Gibco 
BRL).  Half  of  the  reaction  was  subsequently  used  to  synthesize  first- 
strand  cDNA  with  Superscript  II  reverse  transcriptase  (Gibco  BRL)  and 
random  primers  (Gibco  BRL) .  The  other  half  of  the  reaction  was  manip¬ 
ulated  in  parallel  in  the  absence  of  RT.  We  used  one-twentieth  of  the  +RT 
or  -RT  reactions  to  program  PCR  reactions  using  the  following  condi¬ 
tions:  10  mM  Tris-HCl,  pH  8.3,  50  mM  KCl,  1.5  mM  MgClz,  0.125  mM  of 
the  four  dNTPs,  1  unit  Taq  DNA  polymerase  (Boehringer)  and  4  pM  each 
of  the  primers  5  -GCGG AACCTCCTTC AG ATG ACTG-3 '  and 
5  -GCTCTG A AGTAC  CTTTG AC-3 '.  PCR  amplification  conditions  were 
as  follows:  95  °C  for  4  min,  followed  by  40  cycles  of  94  °C  for  1  min,  55  °C 
for  1  min,  and  72  °C  for  2  min.  The  final  cycle  was  followed  by  a  10-min 
extension  period  at  72  °C. 

Genotyping.  To  genotype  genomic  DNA  isolated  from  the  exon  23a 
deletion  mice,  we  used  three  oligonucleotide  primers:  Nf23a, 


Fig.  5  Social  transmission  of  food  preferences.  After  15  min  of  interaction  with 
demonstrator  mice,  both  wild-type  and  mutant  mice  showed  robust  socially 
transmitted  food  preference  (wild  type,  cued=0.58  g,  non-cued=0.12  g, 
te=3.16,  P<0.05;  Wn2Ja"/_,  cued=0.65  g,  non-cued=0.09  g,  ta=3.23,  P<0.05).  Even 
with  shorter  interaction  times  (5  min),  no  differences  were  observed  between 
mutant  and  wild-type  mice  (data  not  shown). 
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5-GCAACTTGCCACTCCCTACTGAATAAAGCTACAGTAAAA-3';  intron 
23a,  5  *-CC  ACTCACATGACCCGCAA  ACG-3 and  KT3NP4, 
5'~GGAGTTGTTGACGCTAGGGCTC“3'.  PCR  conditions  were  the 
same  as  above  except  of  the  following  changes:  25  p.1  reactions  were  used 
containing  400  ng  each  of  the  3  oligonucleotide  primer.  PCR  of  DNA 
from  wild-type  animals  resulted  in  a  450-bp  fragment;  from  homozygous 
mutant  animals,  a  520-bp  fragment;  and  from  heterozygous  animals, 
both  a  450-bp  and  a  520-bp  fragment. 

Western  blot.  Mouse  brains  were  homogenized  in  triple  detergent  buffer 
(100  mM  Tris-HCl,  pH  8.0,  150  mM  NaCl,  1%  Triton  X-100,  0.5  mM 
deoxycholic  acid,  1%  SDS,  50  ng/ml  Pefabloc,  2  U/ml  aprotinin,  1  mM 
EGTA,  2  pg/ml  pepstatin)  and  spun  for  1  h  at  100,000#  at  4  °C.  Protein 
concentration  was  determined  using  the  Bradford  Protein  Detection  kit 
(Biorad).  Western  blots  were  performed  on  the  same  day  of  protein 
extraction  by  first  precipitating  protein  extracts  (100  pg)  with  acetone, 
which  was  then  dissolved  in  lxSDS-PAGE  sample  buffer  and  run  on  a 
4-20%  premade  SDS-PAGE  (Biorad)  for  1  h.  Proteins  were  then  trans¬ 
ferred  to  Amersham  nitrocellulose  filter  overnight  at  4  °C  in  western-blot 
buffer.  The  filters  were  then  probed  with  either  GAP4  or  NF1C  antibod¬ 
ies  (1  pg/ml)  using  a  chemiluminescent  kit  according  to  manufacturer’s 
instructions  (Amersham).  Both  GAP4  and  NF1C  were  previously 
characterized14. 

Pathology.  Age-  and  sex-matched  adult  mice  were  killed  and  internal 
organs  removed  for  analysis.  After  gross  examination,  the  tissues  were 
fixed  in  10%  neutral  buffered  formalin.  Representative  tissue  sections 
were  dehydrated,  embedded  in  paraffin,  sectioned  (5  pm),  mounted  on 
slides  and  stained  with  hematoxylin  and  eosin. 

Imunohistochemistry.  For  the  GAP4  antibody  imunohistochemistry,  the 
mice  were  infused  through  the  heart  with  DPBS,  followed  by  2%  para- 
farmaldehyde  in  DPBS.  The  brains  were  then  removed  and  processed  for 
paraffin  embedding.  We  cut  5-pm  sections.  Sections  were  boiled  in  sodi¬ 
um  citrate  (10  mM,  pH  6)  for  10  min  to  unmask  the  GAP4  antigenic  site, 
blocked  with  avidin/biotin  and  3%  normal  goat  serum.  Sections  were 
then  incubated  with  affinity-purified  GAP4  antibody14  overnight  at  4  °C. 
Primary  antibodies  were  detected  using  the  Vector  rabbit  ABC  elite  Per¬ 
oxidase  kit  (Vector),  enhanced  by  DAB  enhancer,  and  visualized  with 
diaminobenzidlne  (DAB)  (Biomedia).  The  sections  were  then  counter- 
stained  with  aqueous  hematoxylin  (Xymed).  The  same  basic  procedure 
was  used  for  GFAP  staining  using  an  automated  immunohistochemistry 
stainer  (Ventana  Medical  System  320,  and  rabbit  anti-cow  GFAP  anti¬ 
body  (Dakopatts)  at  1:1,200  dilution  as  a  primary  antibody. 

Animals.  For  the  behavioral  experiments,  we  used  group-housed  males 
and  females.  The  experimenters  were  blind  to  the  genotype  of  each  ani¬ 
mal  during  the  experiments.  All  the  protocols  used  were  approved  by 
UCLA’s  Animal  Research  Committee. 

Water  maze.  The  basic  protocol  for  the  water  maze  experiments  has  been 
described38.  Our  pool  is  circular  with  a  1.2-m  diameter  and  the  platform 
has  an  11-cm  diameter.  The  water  is  made  opaque  with  non-toxic  white 
paint  and  maintained  at  27  °C.  The  movement  of  the  mice  is  processed  by 
a  digital  tracking  device  (VP118,  HVS  Image).  During  the  hidden  plat¬ 
form  test,  the  platform  was  submerged  (1  cm)  below  the  water  surface 
and  maintained  in  the  same  place  throughout  training.  The  mice  were 
given  2  trials  every  day  (60  s  ITI)  for  14  d  and  the  starting  position  was 
varied  from  trial  to  trial.  In  the  probe  trials  given  after  10  and  14  d  of 
training,  the  platform  was  removed  and  the  mice  were  allowed  to  search 
for  it  for  60  s.  In  the  visible  platform  test,  a  distinct  symmetrical  cue 
(black  and  white  golf  ball)  was  fixed  5  cm  above  the  center  of  the  sub¬ 
merged  platform.  The  animals  were  given  5  trials  during  1  day  (30  min 
ITI);  the  starting  position  and  the  platform  location  were  pseudo-ran- 
domly  varied  from  trial  to  trial. 

Contextual  discrimination.  The  contextual  discrimination  experiments 
were  performed  as  described21.  Chambers  A  and  B  were  similar,  both 
with  grid  floors  and  located  in  sound  attenuating  boxes  in  dimly  lit 
rooms  located  outside  the  vivarium;  and  they  were  modified  to  have 


some  unique  features  (location,  geometry,  background  noise,  odor). 
Chamber  C,  which  shared  no  obvious  cues  with  chambers  A  and  B,  was 
located  in  a  room  inside  the  mouse  vivarium  and  was  brightly  illuminat¬ 
ed.  This  experiment  consisted  of  three  stages:  pre-exposure  (1  d),  train¬ 
ing  (1  d)  and  testing  (3  d).  Each  mouse  was  habituated  to  contexts  A  and 
B  for  10  min  before  training  started  (day  -1).  The  next  day  (day  0)  ani¬ 
mals  were  placed  in  chambers  A  and  B  for  3  min  (the  order  was  bal¬ 
anced),  and  after  150  s  a  mild  foot-shock  (0.75  mA  for  2  s)  was  delivered 
in  chamber  A  but  not  in  chamber  B.  During  the  3  consecutive  testing  days 
animals  were  placed  in  each  chamber  and  the  amount  of  freezing  during 
the  initial  150  s  was  measured.  Freezing  was  assessed  every  5  s:  mice  were 
scored  as  freezing  if  they  were  immobile  (cessation  of  all  bodily  move¬ 
ment  aside  from  respiration)  for  2  s.  On  each  of  the  testing  days  animals 
were  shocked  after  150  s  in  chamber  A  but  not  in  chamber  B.  Context 
specificity  was  tested  24  h  after  the  end  of  the  contextual  discrimination 
task  by  placing  the  animals  in  chambers  A  and  C  and  measuring  the 
amount  of  freezing.  Long-term  memory  was  assessed  35  d  after  the  end  of 
the  contextual  discrimination  task. 

Rota-rod.  For  the  accelerating  rota-rod  task  using  a  rota-rod  (Ugo  Basile 
7650)  accelerating  from  4  to  40  r.p.m.  in  300  s.  5  trials  (35  min  ITI)  during 
the  same  day  were  given.  For  the  constant  speed  rota-rod  task,  animals 
were  given  4  trials  (5  min)  during  the  same  day,  with  the  rota-rod  rotating 
at  14  r.p.m.  The  latency  for  the  animals  to  fall  from  the  rota-rod  was  mea¬ 
sured.  If  the  mice  initiated  passive  rotation  (that  is,  grabbed  the  rotating 
rod  with  all  four  paws  and  avoid  falling)  that  was  considered  a  fall. 

Social  transmission  of  food  preferences.  This  task  was  performed  as 
described25,26.  Mice  were  shaped  to  eat  ground  chow  from  a  metal  cup. 
First,  a  demonstrator  mouse  was  removed  from  each  cage  and  food 
deprived  for  24  h.  The  demonstrator  mouse  was  then  allowed  to  eat 
scented  food  for  1  h  and  placed  back  in  the  cage  for  a  period  of  15  min  to 
interact  with  the  other  mice  in  the  cage  (observers).  After  this,  observers 
were  food-deprived  for  24  h.  Finally,  observer  mice  were  tested  for  their 
preference  in  a  1  -h  test  in  which  they  had  a  choice  between  the  food  they 
smelled  on  the  demonstrator’s  breath  and  another  scented  food.  The 
amount  of  each  food  eaten  (g)  was  measured.  The  demonstrated  scents 
were  pseudo-randomly  assigned  to  each  cage  of  mice. 

Statistical  analysis.  A  two-way  AN OVA  with  repeated  measures  was  used 
to  analyze  the  acquisition  data  from  the  water  maze  and  rota-rod  tasks. 
To  analyze  the  performance  in  the  water  maze  probe  trials  we  used  a  sin¬ 
gle-factor  AN OVA  on  the  percentage  time  in  quadrant;  post-hoc  com¬ 
parisons  between  quadrants  were  performed  when  there  was  an  effect  of 
quadrant.  Planned  comparisons  using  a  paired  t-test  were  used  to  analyze 
the  contextual  discrimination  data,  the  proximity  data  in  the  water  maze 
and  the  social  transmission  of  food  preference  data. 
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Juvenile  myelomonocytic  leukemia  (JMML)  is  a  disease  that  occurs  in  young  children  and  is  associated  with 
a  high  mortality  rate.  In  most  patients,  JMML  has  a  progressive  course  leading  to  death  by  virtue  of  infection, 
bleeding,  or  progression  to  acute  myeloid  leukemia  (AML).  As  it  is  known  that  children  with  neurofibromatosis 
type  1  syndrome  have  a  markedly  increased  risk  of  developing  JMML,  we  have  previously  developed  a  mouse 
model  of  JMML  through  reconstitution  of  lethally  irradiated  mice  with  hematopoietic  stem  cells  homozygous 
for  a  loss-of-function  mutation  in  the  Nfl  gene  (D.  L.  Largaespada,  C.  I.  Brannan,  N.  A.  Jenkins,  and  N.  G. 
Copeland,  Nat.  Genet.  12:137-143, 1996).  In  the  course  of  these  experiments,  we  found  that  all  these  genetically 
identical  reconstituted  mice  developed  a  JMML-like  disorder,  but  only  a  subset  went  on  to  develop  more  acute 
disease.  This  result  strongly  suggests  that  additional  genetic  lesions  are  responsible  for  disease  progression  to 
AML.  Here,  we  describe  the  production  of  a  unique  tumor  panel,  created  using  the  BXH-2  genetic  background, 
for  identification  of  these  additional  genetic  lesions.  Using  this  tumor  panel,  we  have  identified  a  locus,  Epil , 
which  maps  30  to  40  kb  downstream  of  the  Myb  gene  and  appears  to  be  the  most  common  site  of  somatic  viral 
integration  in  BXH-2  mice.  Our  findings  suggest  that  proviral  integrations  at  Epil  cooperate  with  loss  of  Nfl 
to  cause  AML. 


Juvenile  myelomonocytic  leukemia  (JMML)  is  a  disease 
characterized  by  a  young  age  of  onset,  a  tendency  to  affect 
boys,  prominent  enlargement  of  the  liver  and  spleen,  leukocy¬ 
tosis,  and  the  absence  of  the  Philadelphia  chromosome.  JMML 
has  a  poor  prognosis,  with  either  progression  to  acute  myeloid 
leukemia  (AML)  or  death  from  bleeding  or  infection  (36).  It 
has  been  estimated  that  at  least  10%  of  children  with  JMML 
also  have  neurofibromatosis  type  1  (NF1)  syndrome,  an  auto¬ 
somal  dominant  disorder  found  in  1/3500  individuals  (1,  7,  14, 
32).  However,  the  actual  frequency  of  children  with  NF1  and 
JMML  is  likely  higher  than  10%  as  the  peak  incidence  of 
childhood  leukemia  occurs  at  an  age  when  NF1  often  goes 
undiagnosed  (13,  34).  In  fact,  one  study  found  that  15%  of 
JMML  patients  had  mutations  in  the  NF1  gene  even  though 
there  was  no  previous  clinical  diagnosis  of  NF1  (33),  suggesting 
that  approximately  25%  of  JMML  cases  are  associated  with 
NFL 

While  RAS  gene  point  mutations  are  commonly  found  in 
JMML  patients  without  NF1,  they  are  not  found  in  JMML 
patients  with  NF1  (20),  providing  genetic  evidence  that  NF1 
and  RAS  are  involved  in  the  same  pathway.  This  idea  is  sup- 
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ported  by  the  fact  that  neurofibromin,  the  protein  product  of 
NFL  contains  a  region  that  has  extensive  homology  with  the 
catalytic  domain  of  GTPase  activating  proteins  that  are  known 
to  accelerate  the  intrinsic  GTPase  activity  of  Ras,  thereby 
negatively  regulating  Ras  GTP  levels  (15).  This  suggests  that 
inactivating  mutations  in  NF1  are  equivalent  to  activating  mu* 
tations  in  RAS.  Consistent  with  the  hypothesis,  analysis  of  bone 
marrow  taken  from  children  with  NF1  and  JMML  revealed 
that  close  to  half  of  the  samples  had  somatic  loss  of  heterozy¬ 
gosity  (LOH)  for  markers  within  and  near  the  NF1  locus  (31). 
In  these  LOH  samples,  it  was  determined  that  the  somatic 
deletion  removed  the  remaining  normal  NF1  allele.  Together, 
these  results  indicated  that  homozygous  NF1  loss  predisposes 
myeloid  cells  to  leukemic  transformation  in  children  by  acti¬ 
vation  of  the  Ras  pathway. 

To  examine  the  direct  consequence  of  loss  of  NF1  in  the 
hematopoietic  lineage,  we  previously  developed  a  mouse 
model  for  NF1 -associated  JMML  (22).  This  model  relied  on 
reconstitution  of  lethally  irradiated  mice  with  hematopoietic 
stem  cells  homozygous  for  a  mutant  Nfl  allele,  NflFcr ,  in  which 
an  insertion  mutation  in  exon  31  results  in  the  formation  of  a 
null  allele  (4).  While  we  found  that  all  the  mice  transplanted 
with  homozygous  mutant  cells  developed  a  myeloproliferative 
syndrome  similar  to  JMML,  only  a  subset  of  these  genetically 
identical  reconstituted  mice  went  on  to  develop  more  acute 
disease.  These  results  suggested  that  additional  somatic  ge- 
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netic  mutations  are  required  for  disease  progression  in  mice 
and  humans. 

To  identify  somatic  mutations  that  cooperate  with  the  loss  of 
Nfl  to  cause  progression  to  acute  leukemia,  we  have  crossed 
the  Nflhcr  allele  onto  the  BXH-2  mouse  genetic  background. 
BXH-2  mice  express  an  ecotropic  murine  leukemia  virus 
(MuLV)  passed  from  mother  to  offspring  by  infection  in  utero 
(3).  By  1  year  of  age,  nearly  100%  of  these  viremic  BXH-2  mice 
develop  an  AML  that  is  very  similar  to  AML  in  humans  (28). 
Previous  analysis  of  BXH-2  tumors  has  shown  that  they  are 
nearly  all  monoclonal  in  origin  and  contain  one  or  more  so¬ 
matically  acquired  MuLV  integrations  (2).  Several  investiga¬ 
tors  have  used  the  BXH-2  system  to  identify  genes  that  are 
causally  associated  with  the  development  of  murine  myeloid 
disease  by  cloning  chromosomal  sites  from  tumor  DNA  into 
which  the  MuLV  has  integrated  (6,  16,  23,  25,  26).  In  many  of 
these  cases,  specific  regions  were  found  to  harbor  proviral 
insertions  in  multiple  tumors,  each  derived  from  independent 
mice.  Therefore,  the  identification  of  a  common  site  of  viral 
integration  has  served  as  a  good  indicator  that  the  region 
harbors  a  gene  that,  when  mutated  by  proviral  insertion,  con¬ 
tributes  to  the  development  of  myeloid  leukemia.  While  most 
of  the  common  sites  of  viral  integration  identified  in  BXH-2 
mice  are  thought  to  activate  the  expression  of  dominant  proto¬ 
oncogenes  (16,  23,  25,  26),  one  notable  exception  has  been  the 
identification  of  a  common  site  of  viral  integration  which  in¬ 
activates  the  tumor  suppressor  gene,  Nfl.  This  common  site  of 
viral  integration,  named  Evi2  (ectotropic  viral  integration  2), 
was  identified  in  10  to  15%  of  BXH-2  tumors  and  found  to  be 
within  a  large  intron  of  the  Nfl  gene  (6,  8).  Using  BXH-2 
tumors  in  which  biallelic  Evi2  integrations  had  occurred,  it  was 
shown  that  the  presence  of  the  virus  resulted  in  premature 
truncation  of  the  Nfl  transcript,  such  that  no  full-length  prod¬ 
uct  could  be  produced  (6,  21). 

Because  loss  of  Nfl  expression  has  been  shown  to  be  a 
mechanism  of  myeloid  tumorigenesis  in  BXH-2  mice,  we  have 
exploited  this  system  as  a  means  to  identify  cooperating  events 
in  the  progression  of  JMML.  Our  strategy  has  been  to  back- 
cross  C57BL/6J  mice  containing  the  NflFcr  mutation  onto  the 
BXH-2  genetic  background  for  three  generations,  then  age  the 
resulting  NflFcr  heterozygous  N3  mice  until  they  develop  acute 
leukemia,  and  subsequently  collect  tumors  from  each  animal. 
In  this  manner,  we  have  established  a  panel  of  tumors  derived 
from  66  independent  N3  BXH-2  NflFcr/+  animals.  By  cloning 
sites  of  viral  integration  from  individual  tumors  in  the  panel, 
we  have  identified  a  major  common  site  of  viral  integration, 
Epil,  occurring  in  44%  of  tumors  in  the  panel.  Interestingly,  we 
also  found  that  Epil  is  affected  at  nearly  the  same  frequency  in 
BXH-2  tumors  without  an  Nfl  mutation.  This  indicates  Epil 
represents  the  most  common  site  of  somatic  viral  integration 
identified  to  date  in  BXH-2  mice. 

MATERIALS  AND  METHODS 

Mice  and  harvesting  of  tumor  tissue.  All  animal  studies  were  performed 
according  to  federal  guidelines  and  University  of  Florida  institutional  policies. 
Mice  were  aged  up  to  8  months.  When  a  mouse  became  moribund  it  was 
sacrificed  and  a  necropsy  was  performed.  The  necropsy  included  the  following:  a 
physical  characterization  of  the  mouse;  determination  of  lymph  nodes,  spleen, 
and  liver  relative  size;  and  liver,  spleen,  bone  marrow,  and  lymph  node  fixation 
in  10%  neutral  buffered  formalin  with  subsequent  embedding  in  paraffin,  sec¬ 
tioning,  and  staining  with  hematoxylin  and  eosin  (H&E).  Tissue  was  also  frozen 


in  liquid  nitrogen  to  make  RNA  or  DNA.  Finally,  four  lymph  nodes  were 
perfused  with  media,  and  half  of  the  resulting  cells  were  used  to  make  DNA  and 
half  were  used  to  make  frozen  aliquots  of  viable  cells. 

DNA  and  RNA  preparation.  DNA  was  made  from  brain  and  lymph  node  to  use 
for  molecular  characterization  of  the  tumors.  Tissue  (0.4  g)  was  lysed  in  homog¬ 
enizing  solution  (lx  SSC  [lx  SSC  is  150  mM  sodium  chloride,  15  mM  sodium 
citrate,  0.02  mM  citric  acid],  1%  sodium  dodecyl  sulfate  [SDS],  and  pronase  E 
[0.25  mg/ml;  Sigma]).  Samples  were  vortexed  well  to  mix,  and  were  incubated  at 
37°C  for  1  h  and  vortexed  every  15  min  during  the  incubation.  The  samples  were 
then  extracted  once  each  with  phenol  (U.S.  Biochemical)  and  phenol-chloro- 
form-isoamyl  alcohol  (50:49:1;  Fisher  Scientific).  The  DNA  was  precipitated  and 
resuspended  in  9  ml  ofl  x  SSC.  To  this,  0.5  ml  of  RNase  A  (2  mg/ml;  Sigma)  was 
added  and  incubated  at  37°C  for  30  min;  this  was  followed  by  the  addition  of 
0.5  ml  of  pronase  E  (5  mg/ml),  and  the  mixture  was  then  incubated  at  37°C  for 
30  min.  The  DNA  was  then  extracted  again  as  above  and  precipitated  in  ethanol. 
RNA  was  made  according  to  the  protocol  provided  with  RNAzol  B  (Tel-Test, 
Inc.). 

Southern  and  Northern  blots.  Five  micrograms  of  genomic  DNA  was  digested 
with  the  appropriate  restriction  enzyme  in  a  total  volume  of  40  pi  at  37°C  (or 
appropriate  temperature)  for  at  least  4  h.  After  4  h  20  more  units  of  enzyme  was 
added  and  incubated  for  2  more  hours  at  37°C.  The  digests  were  electrophoresed 
on  a  0.8%  agarose  TPE  gel  (90  mM  Tris-HCI,  26  mM  phosphoric  acid,  2  mM 
EDTA).  The  gel  was  then  soaked  in  denaturing  solution  (1.48  M  sodium  chlo¬ 
ride,  0.5  M  sodium  hydroxide)  for  45  min  with  gentle  shaking.  The  gel  was  then 
transferred  to  neutralizing  solution  (1  M  Tris-HCI,  3  M  sodium  chloride,  0.2  M 
hydrochloric  acid)  and  soaked  for  1.5  h  with  gentle  shaking.  The  gel  was  then 
blotted  onto  Hybond  (Amersham)  membrane  in  lOx  SSC  overnight.  The  mem¬ 
brane  was  then  baked  for  2  h  at  80°C. 

Ten  micrograms  of  total  RNA  was  run  on  the  gel  for  Northern  blots.  The  1% 
agarose  gel  was  made  in  lx  MOPS  [20  mM  3-(A-morpholino)propanesulfonic 
acid,  5  mM  sodium  acetate,  1  mM  EDTA]  and  18%  formaldehyde.  The  RNA 
samples  were  mixed  with  16  pi  of  sample  buffer  (300  pi  of  formamide,  105  pi  of 
formaldehyde,  60  pi  of  10X  MOPS,  60  pi  of  10%  bromophenol  blue,  and  3  pi  of 
ethidium  bromide  [10  mg/ml])  and  incubated  at  65°C  for  5  min  and  then  put  on 
ice  until  loaded.  After  electrophoresis,  the  RNA  was  then  transferred  to  Hybond 
membrane  by  blotting  overnight  in  10X  SSC.  The  membrane  was  then  baked  for 
2  h  at  80°C. 

The  [a-32P]dCTP-labeled,  random-primed  probes  were  made  using  a  random 
priming  kit  (Stratagene).  The  nick-translated  probes  were  labeled  using  a  nick 
translation  kit  (Amersham).  The  Nfl  probe  for  detecting  LOH  was  hybridized  as 
previously  described  (4).  All  other  probes  were  hybridized  according  to  the 
Church  and  Gilbert  method  (9).  The  membranes  were  hybridized  for  2  h  at  65°C, 
and  then  5  ml  of  fresh  hybridization  buffer  was  added.  The  denatured  probes 
were  added,  and  the  membranes  were  hybridized  overnight  at  65°C.  The  next  day 
the  membranes  were  washed  at  65°C  in  0.2 x  SSCP  and  0.1%  SDS  (9).  The 
membranes  were  then  subjected  to  autoradiography. 

Cloning  flanking  DNA.  ftomHI-restricted  tumor  DNA  was  size  fractionated  on 
a  sucrose  gradient.  Then,  the  fraction  with  the  viral  integration  was  identified  and 
a  phage  library  was  made  using  that  fraction.  The  library  was  screened  to  isolate 
the  viral-cellular  DNA  junction  fragment.  Specifically,  the  sucrose  gradient  was 
prepared  by  placing  11.5  ml  of  25%  sucrose  in  STE  buffer  (10  mM  Tris,  6  mM 
EDTA,  10  mM  NaCl)  in  polyallomer  tubes  (Beckman)  and  freeze -thawing  the 
solution  twice.  Fifty  micrograms  of  tumor  DNA  was  digested  with  BamHl  in  a 
volume  of  300  pi  for  about  2  h,  and  then  more  enzyme  was  added  and  the  DNA 
was  digested  for  another  2  h.  The  DNA  was  then  extracted  twice  by  the  phenol- 
phenol-chloroform-isoamyl  alcohol  method  and  ethanol  precipitated.  The  DNA 
was  washed  with  70%  ethanol,  dried,  and  then  was  resuspended  in  110  pi  of  STE 
buffer.  The  DNA  was  layered  on  the  sucrose  gradient  and  spun  at  30,000  rpm  at 
20°C  overnight  using  an  SW41Ti  rotor  (Beckman).  Fractions  (0.5  ml)  were 
collected  from  the  gradient,  and  60  pi  was  saved  to  run  on  a  gel  as  a  control. 
Ethanol  (100%)  was  added  to  the  rest  of  the  fraction  and  stored  at  — 20°C.  The 
60-pl  aliquots  from  the  fractions  were  run  on  a  0.8%  TPE  gel  along  with  the 
unfractionated  DNA.  The  gel  was  blotted  and  probed  with  pAKV5  (17)  to 
determine  which  fraction  had  the  viral  integration.  BamW\  restricted  genomic 
DNA  from  the  positive  fraction  was  then  ligated  into  the  Lambda  DASH  II 
vector  (Stratagene),  and  the  resulting  Gigapack  III  Gold  packaged  (Stratagene) 
phage  library  was  screened  according  to  the  manufacturer’s  instructions  using  the 
pAKV5  (17)  viral  probe.  Once  plaque-pure  phage  was  obtained,  phage  DNA  was 
prepared  and  the  insert  was  subcloned  into  pBluescript  KS(  +  )  (Stratagene). 

Interspecific  backcross  mapping.  Interspecific  backcross  progeny  were  gener¬ 
ated  by  mating  (C57BL/6J  X  Mus  spretus) F,  females  and  C57BL/6J  males  as 
described  (11).  A  total  of  205  N2  mice  were  used  to  map  the  Epil  locus  (see  text 
for  details).  DNA  isolation,  restriction  enzyme  digestion,  agarose  gel  electro- 
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phoresis,  Southern  blot  transfer  and  hybridization  were  performed  essentially  as 
described  previously  (17a).  All  blots  were  prepared  with  Hybond-N+  nylon 
membrane  (Amersham).  The  probe,  a  1.3-kb  BamHI/Pstl  fragment  of  mouse 
genomic  DNA,  was  labeled  with  [a-32P]dCTP  using  a  random-primed  labeling 
kit  (Stratagene);  washing  was  done  to  a  final  stringency  of  1.0  X  SSCP  and  0.1% 
SDS  at  65°C.  A  fragment  of  10.5  kb  was  detected  in  BamHI-digested  C57BL/6J 
DNA,  and  a  fragment  of  7.8  kb  was  detected  in  BawHI-digested  M.  spretus  DNA. 
The  presence  or  absence  of  the  7.8-kb  BamHl  M.  spretus- specific  fragment  was 
monitored  in  backcross  mice.  A  description  of  the  probes  and  restriction  frag¬ 
ment  length  polymorphisms  for  the  loci  linked  to  Epil ,  including  Estra,  Myb,  and 
Tcf21,  has  been  reported  previously  (29).  Recombination  distances  were  calcu¬ 
lated  using  Map  Manager,  version  2.6.5.  Gene  order  was  determined  by  mini¬ 
mizing  the  number  of  recombination  events  required  to  explain  the  allele  dis¬ 
tribution  patterns. 

Immunophenotyping  of  leukemias.  Cryopreserved  leukemic  cells  harvested 
from  enlarged  lymph  nodes  were  thawed  and  washed  twice  in  phosphate-buff¬ 
ered  saline  with  2%  heat-inactivated  fetal  bovine  serum  (wash  buffer).  Single  cell 
suspensions  were  incubated  with  antibodies  directly  conjugated  to  fluorochromes 
for  20  to  30  min  on  ice,  washed,  and  resuspended  in  wash  buffer.  Analysis  was 
carried  out  using  a  FACScan  flow  cytometer.  A  total  of  10,000  events  were 
collected  on  each  sample,  and  results  were  analyzed  using  Cell  Quest  Software 
(Becton  Dickinson).  All  antibody  combinations  included  anti-CD45-TRI- 
COLOR.  Other  antibodies  used  in  combination  were  anti-Ly-6G(Gr-l)-fluores- 
cein  isothiocyanate  (FITC)  and  anti-CDllb(Mac-l)-phycoerythrin  (PE),  anti- 
CD59-FITC  and  anti-CD31-PE,  anti-CD34-FITC  and  anti-CD117(c-kit)-PE, 
anti-CD45R(B220)-FITC  and  anti-CD19-PE,  anti-CD90.2(Thyl.2)-FITC  and 
anti-CD3-PE,  anti-CD41-FITC  and  anti-CD61-PE,  and  anti-CD86-FITC  and 
anti-Ly-71(F4/80)-PE.  The  dominant  leukemic  cell  population  was  gated  using 
forward  scatter,  side  scatter,  and  CD45.  Expression  of  antigens  on  the  leukemic 
cells  was  assessed  relative  to  isotype  controls.  Cytospins  were  also  prepared  from 
thawed  cells  and  stained  with  Wright’s  Giemsa  stain  prior  to  morphological  ex¬ 
amination.  Maturation  of  ceils  was  assessed  by  the  method  of  Brecher  et  al.  (5). 

RESULTS 

Development  and  characterization  of  the  tumor  panel.  We 

placed  the  NflFc>  mutation  on  the  BXH-2  genetic  background 
by  backcrossing  for  three  generations.  All  N3  mice  tested  were 
found  to  be  vifemic  (data  not  shown).  We  aged  NflFcr  het¬ 
erozygous  N3  mice  until  they  became  moribund  due  to  the 
development  of  AML  and  then  collected  tumor  material  from 
each  animal.  In  an  initial  pilot  study,  in  which  we  aged  both 
NflFcr  heterozygous  N3  mice  and  their  wild-type  control  litter- 
mates,  we  found  that  the  NflFcr  heterozygous  mice  developed 
AML  at  a  significantly  higher  rate  than  controls:  50%  of  het¬ 
erozygous  mice  required  sacrifice  at  5.5  months  versus  8.5 
months  for  controls  ( P  =  0.003  using  the  rank  sum  test).  This 
indicated  that  BXH-2  mice  containing  one  mutant  NflFcr  allele 
exhibited  a  decreased  latency  for  myeloid  disease.  Based  on 
these  data,  we  initiated  a  larger  aging  study  using  only  het¬ 
erozygous  mice  and  accumulated  a  panel  of  tumors  isolated 
from  a  total  of  66  independent  heterozygous  NflFcr  N3  mice. 
Using  Southern  blot  analysis,  we  determined  that  89%  of  the 
tumors  in  the  panel  have  sustained  a  second  genetic  hit  to  the 
Nfl  locus,  either  by  LOH  or  by  Evi2  integration.  Furthermore, 
we  found  that  all  the  tumors  from  heterozygous  NflFcr  N3  mice 
had  at  least  one  somatically  acquired  viral  integration.  Even 
tumors  which  sustained  a  viral  integration  at  Evi2  contained  at 
least  one  additional  somatic  viral  integration.  This  indicates 
that  loss  of  Nfl  on  the  BXH-2  background  alone  is  not  suffi¬ 
cient  to  induce  acute  myeloid  disease,  but  the  additional  so¬ 
matic  mutations  are  necessary  for  tumor  progression  to  AML. 

Identification  of  a  common  site  of  viral  integration,  Epil.  To 
identify  potential  cooperating  genes  for  myeloid  tumor  pro¬ 
gression,  we  cloned  genomic  DNA  flanking  sites  of  somatic 
viral  integration  from  individual  tumors  in  the  panel.  Using  the 


ecotropic  retroviral  probe  pAKV5  (17),  we  isolated  a  unique 
BamHl  restriction  fragment  from  tumor  DNA  isolated  from 
animal  355.  After  isolation  of  a  nonrepetitive  probe  from  the 
cloned  fragment,  dubbed  probe  E,  we  screened  the  entire 
panel  of  tumors  for  rearrangements  by  Southern  blot.  Not  only 
were  we  able  to  confirm  a  rearrangement  in  the  original  tumor 
(data  not  shown),  but  we  also  detected  rearrangements  in 
many  additional  tumor  DNA  samples  (Fig.  1A).  This  indicated 
that  we  had  identified  a  common  site  of  viral  integration,  which 
we  designated  Epil  for  ecotropic  proviral  integration  site  1. 

The  mouse  chromosomal  location  of  Epil  was  determined 
by  interspecific  backcross  analysis  using  progeny  derived  from 
matings  of  [(C57BL/6J  X  M.  spretus  )F^  X  C57BL/6J]  mice. 
This  interspecific  backcross  mapping  panel  has  been  typed  for 
over  3,000  loci  that  are  well  distributed  among  all  the  auto- 
somes  as  well  as  the  X  chromosome  (11).  C57BL/6J  and  M. 
spretus  DNAs  were  digested  with  several  enzymes  and  analyzed 
by  Southern  blot  hybridization  to  obtain  informative  restriction 
fragment  length  polymorphisms  using  a  mouse  Epil  genomic 
DNA  probe.  The  7.8-kb  BamHl  M.  spretus  restriction  fragment 
length  polymorphism  (see  Materials  and  Methods)  was  used  to 
follow  the  segregation  of  the  Epil  locus  in  backcross  mice.  The 
mapping  results  indicated  that  Epil  is  located  in  the  proximal 
region  of  mouse  chromosome  10  linked  to  Estra ,  Myb,  and 
Tcf2L  Although  128  mice  were  analyzed  for  every  marker  and 
are  shown  in  the  segregation  analysis  (Fig.  2),  up  to  181  mice 
were  typed  for  some  pairs  of  markers.  Each  locus  was  analyzed 
in  pairwise  combinations  for  recombination  frequencies  using 
the  additional  data.  The  total  number  of  mice  exhibiting  re¬ 
combinant  chromosomes  and  the  total  number  of  mice  ana¬ 
lyzed  for  each  pair  of  loci  are  as  follows  (listed  in  the  most 
likely  gene  order):  centromere-Ertra,  9  of  181;  Myb,  0  of  161; 
Epil ,  1  of  142;  Tcf21.  The  recombination  frequencies  (ex¬ 
pressed  as  genetic  distances  ±  standard  error  [in  centimor- 
gans])  are  as  follows:  Estra,  5.0  ±  1.6;  Myb  and  Epil ,  0.7  ±  0.7; 
Tcf21.  No  recombinants  were  detected  between  Myb  and  Epil 
in  161  animals  typed  in  common,  suggesting  that  the  two  loci 
are  within  1.9  cM  of  each  other  (upper  95%  confidence  limit). 

Epil  maps  3'  of  the  Myb  locus.  Based  on  the  lack  of  genetic 
recombination  observed  between  Epil  and  Myb,  we  sought  to 
determine  if  these  two  loci  were  physically  linked.  We  isolated 
a  bacterial  artificial  chromosome  clone  (529 J1  BAC;  Research 
Genetics)  using  the  original  Epil  probe  (Fig.  IB,  probe  E)  and 
determined  that  the  Myb  gene  was  also  contained  on  this  same 
BAC  clone.  We  used  this  BAC  clone  to  generate  a  restriction 
map  of  the  Epil  region  and  to  isolate  additional  probes  (Fig. 
IB,  probes  A,  B,  D,  and  F).  Using  these  new  probes,  as  well  as 
the  previously  isolated  Ahil  probe  (18)  (referred  to  here  as 
probe  C),  we  determined  that  a  total  of  29  tumors,  or  44%  of 
the  panel,  contained  a  somatic  Epil  rearrangement  (Table  1). 
While  no  rearrangements  were  detected  with  probe  A,  the 
majority  of  rearrangements  were  detected  by  probes  B  and  C 
(indicating  an  insertion  into  the  11-kb  BamHl  fragment)  or  by 
probes  D  and  E  (indicating  an  insertion  into  the  13.5-kb 
BamHl  fragment).  Rearrangements  were  detected  with  probe 
F  in  four  tumors.  These  data  indicate  that  most  of  the  viral 
insertions  have  occurred  30  to  40  kb  downstream  of  the  last 
exon  of  Myb. 

Based  on  the  location  of  these  somatic  insertions,  it  seemed 
possible  that  the  integrated  proviruses  affect  Myb.  However,  all 
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FIG.  1.  The  Epil  locus.  (A)  Southern  blot  analysis  showing  rearrangements  of  the  Epil  locus  in  two  independent  tumors.  Normal  DNA  (N) 
and  tumor  DNAs  were  digested  with  Bglll  and  hybridized  with  probe  C  from  the  Epil  locus.  (B)  Map  of  the  Epil  region  relative  to  the  Myb  gene. 
The  large  line  represents  the  region  3'  of  the  Myb  gene.  The  small  hash  marks  represent  BamUl  sites  in  the  region,  the  large  box  is  exon  15  of 
the  Myb  gene,  the  large  arrow  shows  the  direction  of  transcription  of  Myb ,  and  the  small  boxes  above  the  line  are  the  probes  isolated  from  the 
region.  Probe  C  is  the  Ahil  probe  (18).  (C)  Location  and  orientation  of  13  proviruses  integrated  in  Epil  relative  to  the  Myb  gene.  The  small  arrows 
above  the  line  show  the  location  and  orientation  of  the  viral  integrations  in  the  Epil  locus. 


previously  reported  viral  insertions  proven  to  affect  Myb  occur 
within  the  Myb  gene.  For  example,  viral  integration  in  the  5' 
end  has  been  shown  to  result  in  overexpression  of  a  virally 
promoted  chimeric  mRNA  that  lacks  the  three  5 '-most  Myb 


coding  exons  (36).  In  addition,  integrations  in  the  3'  end  of 
Myb  have  been  shown  to  result  in  the  production  of  a  Myb 
protein  that  is  stabilized  due  to  truncation  of  the  carboxy 
terminus  (36).  Therefore,  we  rescreencd  our  panel  using  a 
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FIG.  2.  Epil  maps  in  the  proximal  region  of  mouse  chromosome 
10.  Epil  was  placed  on  mouse  chromosome  10  by  interspecific  back- 
cross  analysis.  The  segregation  patterns  of  Epil  and  flanking  genes  in 
128  backcross  animals  that  were  typed  for  all  loci  are  shown  at  the  top 
of  the  figure.  For  individual  pairs  of  loci,  more  than  128  animals  were 
typed  (see  text).  Each  column  represents  the  chromosome  identified 
in  the  backcross  progeny  that  was  inherited  from  the  (C57BL/6J  X 
M.  spretus) Fx  parent.  The  black  boxes  represent  the  presence  of  a 
C57BL/6J  allele,  and  white  boxes  represent  the  presence  of  a  M.  spre¬ 
tus  allele.  The  number  of  offspring  inheriting  each  type  of  chromosome 
is  listed  at  the  bottom  of  each  column.  A  partial  chromosome  10 
linkage  map  showing  the  location  of  Epil  in  relation  to  linked  genes  is 
shown  at  the  bottom  of  the  figure.  Recombination  distances  between 
loci  in  centimorgans  are  shown  to  the  left  of  the  chromosome,  and  the 
positions  of  loci  in  human  chromosomes,  where  known,  are  shown  to 
the  right.  References  for  the  human  map  positions  of  loci  cited  in  this 
study  can  be  obtained  from  the  Genome  Data  Base,  a  computerized 
database  of  human  linkage  information  maintained  by  The  William  H. 
Welch  Medical  Library  of  The  Johns  Hopkins  University  (Baltimore, 
Md.). 


series  of  Myb  probes,  but  we  found  only  two  tumors  that  con¬ 
tained  insertions  within  the  Myb  gene. 

To  ascertain  if  viral  integrations  at  Epil  affect  Myb ,  we  de¬ 
termined  the  orientation  of  the  integrated  provirus  in  13  of  the 
tumors  in  which  we  were  able  to  confirm  the  presence  of  a 
full-length  virus.  We  found  that  in  all  13  cases,  the  virus  had 
integrated  in  the  same  transcriptional  orientation  as  Myb  (Fig. 
1C).  These  data  are  consistent  with  a  mechanism  of  viral  en¬ 
hancement  in  which  the  viral  enhancer  located  in  the  5'  long 
terminal  repeat  serves  to  activate  transcription  of  an  upstream 
gene  (19).  With  this  in  mind,  we  assayed  the  level  of  Myb 
expression  in  the  tumors  by  Northern  blotting  of  total  RNA 
isolated  from  several  tumors  with  and  without  a  viral  integra¬ 
tion  at  Epil .  We  found  that  Myb  was  expressed  in  tumors 


TABLE  1.  Tumors  derived  from  N3  BXH-2  NflFcr/+  mice  with 
Epil  insertions" 


Tumor 

no. 

Nfl 

status 

No.  of 
somatic 
proviruses 

Epil  probe(s) 
detecting  BamHI 
rearrangement 

10 

Evi2 

3 

D,  E 

11 

NflFcr/+ 

1 

D,  E 

13 

LOH 

3 

D,  E 

14 

Evi2 

2 

B,  C 

33 

LOH 

3 

B,  C 

35 

LOH 

5 

D,  E 

46 

Evi2 

2 

F 

56 

LOH 

2 

D,  E 

84 

LOH 

2 

B,  C 

103 

LOH 

2 

D,  E 

355 

LOH 

1 

D,  E 

356 

Evi2 

3 

D,  E 

358 

LOH 

2 

F 

368 

LOH 

5 

D,  E 

371 

LOH 

1 

D,  E 

419 

LOH 

2 

D,  E 

468 

LOH 

2 

B,  C 

522 

LOH 

5 

D,  E 

570 

LOH 

2 

D,  E 

603 

NflFc  7+ 

1 

D,  E 

639 

Evi2 

2 

F 

647 

LOH 

2 

F 

660 

Evi2 

3 

D,  E 

662 

LOH 

3 

B,  C 

665 

Evi2 

3 

B,  C 

671 

LOH 

2 

B,  C 

675 

NflFc  7+ 

2 

D,  E 

725 

Evi2 

1 

D,  E 

1858 

Evi2 

1 

F 

a  “Tumor  no.”  refers  to  the  pedigee  number  of  the  animal  from  which  the 
tumor  was  derived.  “Nfl  status”  refers  to  the  status  of  the  Nfl  allele  in  the  tumor; 
all  the  mice  began  as  heterozygous  for  the  Nfl  mutation  (NflFcr/+),  but  many  of 
the  tumors  lost  the  remaining  wild-type  allele  (LOH)  or  suffered  a  proviral 
integration  in  the  Nfl  gene  ( Evi2 ).  “No.  of  somatic  proviruses”  refers  to  the 
number  of  somatically  acquired  proviral  integrations  detected  in  the  tumor 
DNA.  “ Epil  probe(s)  detecting  BamVLl  rearrangement”  indicates  the  probe(s) 
from  Fig.  1  which  detects  the  somatic  rearrangement  in  the  Epil  locus  in  the 
particular  tumor. 


whether  or  not  the  tumors  harbored  Epil  integrations.  Of  note, 
expression  levels  were  not  increased  in  tumors  containing  an 
Epil  insertion  relative  to  expression  levels  in  tumors  lacking 
such  a  viral  insertion  (Fig.  3).  Elowever,  tumors  lacking  Epil 
insertions  may  have  upregulated  Myb  by  another  mechanism. 
In  any  case,  these  data  show  that  the  Myb  gene  is  indeed 
expressed  in  the  Epil  tumors,  but  that  a  viral  insertion  at  Epil 
does  not  appear  to  result  in  marked  overexpression  of  Myb. 

Phenotype  of  Epil  tumors.  We  performed  histological  anal¬ 
ysis  of  H&E  stained  tissue  sections  from  a  subset  of  the  ani¬ 
mals  listed  in  Table  1  (tumors  355, 419, 468,  660,  and  671).  This 
analysis  revealed  that  while  there  was  a  modest  variation  in  the 
morphology  of  the  leukemic  cells,  the  overall  pattern  was  sim¬ 
ilar.  Common  features  included  the  presence  of  leukemic  cells 
at  the  young-intermediate  stages  of  myeloid  differentiation 
accompanied  by  numerous  pseudo-Gaucher  cells  (indicative  of 
high  cell  turnover);  lymph  nodes  that  were  effaced  by  the 
leukemia;  spleens  that  exhibited  modest  areas  of  residual  white 
pulp  but  massive  expansion  of  the  red  pulp  predominantly  by 
leukemic  cells,  but  with  some  admixed  megakaryocytes  and 
erythroid  precursors;  livers  that  showed  leukemic  infiltrates 
with  marked  accumulations  in  the  periportal  areas  and  with 
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FIG.  3.  Northern  blot  analysis  of  Myb  expression  in  Epil  and  non- Epil  tumors.  RNA  derived  from  four  tumors  containing  somatic  viral 
insertion  at  Epil  (  +  )  and  four  tumors  without  this  viral  insertion  (-)  were  analyzed  by  Northern  blotting.  The  top  panel  shows  the  hybridization 
with  a  Myb  eDNA  probe,  and  the  bottom  panel  shows  the  same  blot  stripped  and  rehybridized  with  a  control  probe  for  Gapd. 


infiltration  into  the  parenchyma  and/or  sinusoids;  and  bone 
marrows  filled  with  leukemic  cells  (accompanied  by  pseudo- 
Gaucher  histiocytes)  (Fig.  4 A  to  C), 

Finally,  analysis  on  viable  isolates  of  these  same  five  tumors 
(tumors  355,  419,  468,  660,  and  671;  Table  1)  revealed  that 
all  five  were  relatively  uniform:  almost  entirely  young  forms 
(blasts)  by  morphology  (Fig.  4D)  that  express  an  immuno- 
phenotype  consistent  with  granulocyte/monocytc  precur¬ 
sors  [Ly-6G(Gr-l)+,  CD1  lb(Mac-l)variable,  CD31  \CD59\ 
CD1 17(c-kit)variable,  CD341o,  Ly-7 1  (F4/80)lo]  (Fig.  5).  That 
the  tumor  cells  had  only  a  weak  CD45R  (B220)  signal  and  were 
clearly  CD  1 9  negative  strongly  suggests  that  the  cells  arc  not 


FIG.  4.  Leukemia  morphology.  (A)  Bone  marrow  histology  show¬ 
ing  immature  cells  and  numerous  pseudo-Gaucher  histiocytes.  Magni¬ 
fication,  X250.  (B)  Spleen  histology  showing  expanded  red  pulp  with 
leukemic  cells  accompanied  by  large  megakaryocytes  and  few  small 
dark-staining  crythroid  precursors.  Residual  white  pulp  is  visible  at 
lower  right.  Magnification,  XIOO.  (C)  Liver  histology  showing  massive 
infiltration  of  leukemic  cells.  Magnification,  X100.  FI&E  stain  was 
used  for  panels  A  to  C.  (D)  Cytology  (Wright’s  Giemsa  stain)  of 
leukemic  cells  prepared  from  lymph  node.  Magnification.  X500. 


B-lymphoid  cells.  In  addition,  the  T-ccll  markers  CD90.2  and 
CD3  were  cither  negative  or  weak,  indicating  the  cells  arc  not 
T  lymphocytes.  These  tumors  as  well  as  several  others  were 
confirmed  to  be  of  myeloid  origin  as  they  were  found  to  ex¬ 
press  the  myeloid  cell  markers  c -fms  and  myeloperoxidase  by 
Northern  blot  analysis.  In  further  support  of  this  origin,  we 
detected  no  rearrangements  of  the  T-cell  receptor  genes  or  the 
immunoglobulin  heavy  chain  gene.  These  data  indicate  that 
the  mice  had  developed  myeloid  leukemias  and  show  that  the 
five  tumors  examined  in  detail  were  relatively  homogeneous  in 
character.  These  five  leukemias  all  contained  Epil  insertions 
and  lacked  Nfl.  Their  common  characteristics  likely  reflect 
their  common  genetic  pathogenesis:  it  contrasts  with  the  phe¬ 
notypic  heterogeneity  we  have  observed  in  unselected,  genet¬ 
ically  heterogeneous,  BXH-2  leukemias  (S.  Kogan,  unpub¬ 
lished  observations). 

Analysis  of  wild-type  BXH-2  tumors.  Finally,  to  determine  if 
viral  integrations  at  Epil  were  restricted  to  tumors  containing 
mutations  at  the  Nfl  locus,  we  analyzed  a  set  of  BXH-2  tumors 
that  were  wild-type  at  the  Nfl  locus,  as  well  as  a  set  of  tumors 
that  has  suffered  one  somatic  viral  integration  within  Nfl 
(Evil).  We  found  that  in  both  groups  of  23  tumors,  10  tumors 
(43 c/()  exhibited  a  viral  integration  in  Epil.  Interestingly,  how¬ 
ever,  we  found  that  the  distribution  of  proviral  insertions  in 
Epil  was  different  between  the  two  groups.  Proviral  insertions 
occurred  in  a  discrete  region  in  the  tumors  with  wild-type  Nfl , 
with  rearrangements  being  detected  only  by  probes  D  and  E 
(Fig.  IB).  In  contrast,  tumors  harboring  an  Evil  insertion 
showed  a  much  broader  region  of  proviral  insertions  in  Epil, 
with  rearrangements  being  detected  by  probes  B  and  C,  D  and 
E,  or  F.  This  difference  in  distribution  of  proviral  insertions 
between  the  two  genotypic  groups  may  reflect  the  differentia¬ 
tion  state  of  the  cell  at  the  time  of  viral  infection.  For  example, 
myeloid  cells  with  only  one  intact  copy  of  Nfl  may  display  a 
more  open  chromatin  conformation  at  Epil  and  hence  present 
a  wider  target  area  for  viral  integration  than  cells  with  both 
copies  intact.  Regardless  of  the  slight  difference  in  the  specific 
region  of  integration,  these  data  demonstrate  that  Epil  repre¬ 
sents  a  major  site  of  viral  integration  in  approximately  43%  of 
all  BXH-2  myeloid  tumors. 
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FIG.  5.  Flow  cytometric  analysis  of  a  representative  leukemia.  Data  in  panel  CD45/SSC  are  ungated;  for  those  in  the  remaining  panels,  the  gate 
was  set  at  Rl. 


DISCUSSION 

We  have  previously  shown  that  loss  of  Nfl  in  the  hemato¬ 
poietic  lineage  causes  a  myeloproliferative  syndrome  similar  to 
JMML  (22).  However,  we  found  that  only  a  subset  of  all  of 
these  reconstituted  mice  went  on  to  develop  more  acute  dis¬ 
ease,  suggesting  that  additional  somatic  genetic  mutations  are 
required  for  disease  progression  in  mice  and  humans.  To  iden¬ 
tify  candidate  genes  that  may  cooperate  with  the  loss  of  the  Nfl 
gene  in  progression  of  myeloid  leukemia,  we  have  established 
a  panel  of  tumors  derived  from  66  independent  N3  BXH-2 
NflFcr/+  animals.  We  have  determined  that  89%  of  the  tumors 
in  the  panel  have  sustained  a  second  genetic  hit  to  the  Nfl 
locus,  either  by  LOH  or  by  viral  integration  within  the  Nfl 
locus  ( Evi2 ),  demonstrating  that  the  vast  majority  of  the  tu¬ 
mors  developed  in  a  pathway  involving  Nfl  gene  loss.  There¬ 
fore,  through  the  introduction  of  one  mutant  Nfl  allele,  we 
have  obtained  a  sixfold  higher  frequency  of  Nfl -dependent 
myeloid  leukemia  compared  to  the  parental  BXH-2  strain. 

Analysis  of  the  panel  revealed  that  these  tumors  harbored  a 
mean  of  three  somatically  acquired  viral  insertions.  By  cloning 
these  sites  of  viral  integration  from  individual  tumors  in  the 
panel,  we  were  able  to  identify  a  common  site  of  viral  integra¬ 
tion,  Epil,  occurring  in  44%  of  tumors  in  the  panel.  The  Epil 
locus  was  found  to  map  30  to  40  kb  downstream  of  the  last 
exon  of  the  Myb  gene.  Interestingly,  this  site  has  previously 
been  implicated  in  B-cell  lymphoma:  Jiang  et  al.  reported  that 
infection  of  newborn  mice  with  a  combination  of  Abelson 
MuLV  (contains  the  v-abl  oncogene)  and  Moloney  MuLV  (the 
insertional  mutagen)  resulted  in  B-cell  lymphoma  (18).  They 
determined  that  16%  of  these  tumors  had  Moloney  MuLV 
insertions  at  the  Ahil  locus,  located  approximately  30  kb  3 '  of 
the  last  exon  of  Myb.  Again,  similar  to  our  findings,  they  de¬ 
termined  that  these  viral  integrations  did  not  result  in  overex¬ 
pression  of  Myb.  Based  on  this  result,  Jiang  et  al.  concluded 
that  the  viral  insertions  activated  an  as-yet-unidentified  gene. 
However,  one  alternate  interpretation  of  these  data  is  that 
these  downstream  viral  integrations  do  affect  Myb  expression, 
but  not  by  upregulating  transcription.  Instead,  the  virus  may 


simply  prevent  the  downregulation  of  Myb  that  normally  occurs 
during  myeloid  differentiation.  In  fact,  it  is  well  known  that 
either  constitutive  expression  of  full-length  Myb  or  truncated 
Myb  can  block  differentiation  of  leukemic  cell  lines  (10,  12,  24, 
30,  35,  37).  Furthermore,  downregulation  of  Myb  is  known  to 
be  essential  for  terminal  differentiation  of  the  myeloid  and 
B-cell  lineages  (27).  Therefore,  it  is  possible  that  constitutive 
expression  of  Myb  in  combination  with  \-abl  induces  B-cell 
lymphoma,  whereas  constitutive  expression  of  Myb  in  combi¬ 
nation  with  the  loss  of  Nfl  function  leads  to  AML.  Alterna¬ 
tively,  it  is  possible  that  viral  integration  into  this  locus  affects 
a  gene  other  than  Myb.  In  fact,  it  is  possible  that  viral  integra¬ 
tion  in  B-cells  affects  one  gene  (the  Ahil  gene),  but  viral 
insertion  in  myeloid  cells  affects  a  different  gene  (the  Epil 
gene).  In  any  case,  whether  viral  insertions  in  Epil  affect  Myb 
or  another  gene,  we  have  provided  very  good  evidence  that 
Epil  does  play  an  important  role  in  BXH-2  myeloid  leukemia. 
The  finding  that  approximately  43%  of  BXH-2  tumors  harbor 
viral  insertion  in  Epil  indicates  that  Epil  may  represent  the 
most  common  site  of  viral  integration  in  BXH-2. 

Because  proviral  integrations  in  Epil  are  so  common  in 
BXH-2  tumors,  one  might  be  tempted  to  conclude  that  this 
event  alone  is  sufficient  to  cause  AML.  However,  data  obtained 
from  our  N3  BXH-2  NflFcr/+  tumors  suggest  that  additional 
cooperating  mutations  are  required  for  progression  to  AML: 
27  out  of  29  of  these  tumors  have  another  obvious  somatic 
mutation  in  addition  to  a  proviral  insertion  in  Epil .  Further¬ 
more,  we  can  conclude  that  at  least  in  these  tumors,  the  co¬ 
operating  mutation  is  the  loss  of  the  Nfl  gene  since  26  out  of 
these  29  tumors  (90%)  with  viral  integrations  at  Epil  also 
exhibit  loss  of  Nfl  function.  But  loss  of  Nfl  is  clearly  not  the 
only  possible  cooperating  mutation  since  Nfl  is  mutated  in 
only  10  to  15%  of  BXH-2  tumors.  Therefore,  other  genes  must 
be  able  to  serve  as  a  cooperating  gene  for  Epil -associated 
AML.  Since  Nfl  is  known  to  affect  the  Ras  pathway,  it  is 
tempting  to  speculate  that  these  other  genes  might  be  involved 
in  this  same  pathway. 

Finally,  it  is  unclear  whether  the  loss  of  Nfl  plus  a  proviral 
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insertion  at  Epil  is  sufficient  to  cause  AML.  Among  our  panel 
of  tumors,  five  appear  to  have  the  Epil  integration  as  the  only 
other  somatic  mutation  (Table  1,  tumors  14,  46,  355,  371,  and 
639),  suggesting  that  loss  of  Nfl  plus  insertion  at  Epil  is  acutely 
leukemogenic.  However,  it  is  possible  that  these  five  tumors 
harbor  other  somatic  mutations  that  we  are  unable  to  detect. 
Further  studies  of  BXH-2  and  Nfl  murine  models  of  myeloid 
neoplasms  should  allow  the  combinations  of  events  sufficient 
for  leukemogcnesis  to  be  definitively  assessed. 
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